Kneubuehl (Ed.)
Coupland
Rothschild - Thali

Wound
Ballistics

Basics and
Applications

@ Springer

SRS R

» - S ;
o 4. AA
. R

- 4



B. P. Kneubuehl (Editor)
Wound Ballistics: Basics and Applications






Beat P. Kneubuehl (Ed.)
Robin M. Coupland
Markus A. Rothschild
Michael J. Thali

Wound Ballistics

Basics and Applications

Translation of the revised third German edition (2008)
With 234 figures and 156 tables

@ Springer



Beat P. Kneubuehl, Dr in forens. sci., MD h. c. (Editor)
M. in Mathematics

Head, Centre of Forensic Physics and Ballistics

Institute of Forensic Medicine, University of Berne
CH-3012 Berne, Switzerland

Dr Robin M. Coupland MB, BChir, FRCS
Assistance Division, International Committee of the Red Cross
CH-1202 Geneva, Switzerland

Prof. Dr Markus A. Rothschild

Director of the Institute of Forensic Medicine
Medical Centre of the University of Cologne
D-50823 Cologne, Germany

Prof. Dr Michael J. Thali

Director of the Institute of Forensic Medicine
University of Zurich

CH-8057 Zurich, Switzerland

Translation
Steve Rawcliffe, BA, PgDip. Int. Trans.
F-01210 Versonnex, France

ISBN-13 978-3-642-20355-8 Springer-Verlag Berlin Heidelberg New York

Bibliographic information Deutsche Bibliothek
The Deutsche Bibliothek lists this publication in Deutsche Nationalbibliographie;
detailed bibliographic data is available in the internet at <http://dnb.ddb.de>.

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned, specifically the rights of
translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilms or in any other way, and storage in
data banks. Duplication of this publication or parts thereof is permitted only under the provisions of the German Copyright Law of
September 9, 1965, in its current version, and permission for use must always be obtained from Springer-Verlag. Violations are liable to
prosecution under the German Copyright Law.

The use of proprietary names in this work does not indicate that these are free of intellectual property rights.

The greatest of care has been taken in producing the text, figures and tables in this book.
However, it is not possible to completely exclude the risk of error. Neither the publisher nor the authors can be held responsible for
errors in this work, or for the consequences thereof.

Springer Medizin

Springer-Verlag GmbH

ein Unternehmen von Springer Science+Business
springer.de

© Springer-Verlag Berlin Heidelberg 2011

The use of general descriptive names, registered names, trademarks, etc. in this publications does not imply, even in the absence of a
specific statement, that such names are exempt from the relevant protective laws and regulations and therefore free for general use.

Product liability: The publishers cannot guarantee the accuracy of any information about dosage and application contained in this book.
In every individual case the user must check such information by consulting the relevant literature.

Planning: Hinrich Kiister
Project management: Kerstin Barton
Typesetting: the author ’s own, print-ready draft

Cover design: deblik Berlin
creditline cover images: left: ©photos.com / ©right: fotolia.com

22/2122-543210 SPIN 12745258



Preface

The German original of the present work on wound ballistics is already in its third
edition. The first two German editions focused on the behaviour of a bullet in the
body and the physical modelling of that behaviour. In parallel with this, a system
of simulants was established that allowed gunshot wounds to be simulated empiri-
cally.

In the period between the second German edition (2001) and the third (2008),
the emphasis in wound ballistics research was on consolidation and application. It
was possible to use the results to answer many forensic and surgical questions.
Both the physical models and the empirical simulation of gunshot wounds using
simulants have been validated by experience. It is therefore logical that the em-
phasis in this, the third edition, should have shifted towards the practical applica-
tion of wound ballistics.

The introduction to the basics (physics, ammunition and the principles of bal-
listics) was previously divided over two chapters; these topics are now covered in
one chapter. In a similar manner, the specific wound ballistics of handgun bullets,
rifle bullets and fragments are dealt with in one chapter instead of three. These
changes created room for three chapters on the use of wound ballistics in forensic
medicine, surgery and international instruments. Three leading and highly com-
petent co-authors were recruited to cover the topics of surgery and forensic medi-
cine: Dr Robin Coupland (who for many years was chief surgeon at the In-
ternational Committee of the Red Cross), Prof. Dr Markus Rothschild (Director of
the Institute of Forensic Medicine, Cologne) and Prof. Dr Michael Thali (Director
of the Institute of Forensic Medicine, Zurich).

So-called “non-lethal” projectiles have become increasingly important in recent
years — not only for police use but also in military contexts. We have therefore
devoted a separate section to the ballistics and effectiveness of this type of pro-
jectile.

The tables at the end of the book now include a number of projectiles used in
sport, as these may be relevant to sports accidents.

Such an interdisciplinary field as wound ballistics requires an intensive ex-
change of experiences and thoughts. I should like to thank Prof. Dr Michael Thali,
Zurich, and the Institute of Forensic Medicine, University of Berne, for their un-
stinting support. With their extensive surgical experience, Dr Robin Coupland and
Dr Wolfgang Titius each made a major contribution to the success of the experi-
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mental simulation of gunshot wounds. My thanks go to Dr Ulrich Stoller for his
numerous suggestions and pointers regarding medical questions.

Christoph Simon, PhD, of gelatine manufacturer Gelita, was kind enough to
check and correct the section on the characteristics of gelatine and the process by
which it is produced.

My special thanks go to Steve Rawcliffe, with whom it was a great pleasure to
work during the translation of this demanding text. I am extremely grateful to
Dr Leslie Payne and Dr Virginia Fitzgerald-Swallow for their thorough and expert
review of the English manuscript. I should like to thank two members of my team
— Matthieu Glardon, M. in forens. sc. and Lea Siegenthaler, M. in Physics — for
their careful checking of the layout.

My thanks go also to the Competence Centre for Science and Technology of
armasuisse for their kind permission to use some of their illustrations in this work.
Warm thanks go to the publisher, Springer, with whom it was a pleasure to work
and who are responsible for the excellent appearance of the book.

Finally, I wish to take this opportunity to remember physicist Prof. Dr Karl
Sellier, who died in 1997. He laid the foundations of this work with the first,
German edition, on which it was a great honour for me to work as co-author. He
would have been happy to see how successful this book has been so far.

Thun, April 2011 Beat P. Kneubuehl,

Editor
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Table of symbols

This book uses SI units and units derived from them (some tables are also printed
in British/U.S. units). Dimensionless quantities are indicated by [-]. Where no
dimension is possible for a quantity, the corresponding space is left blank.

A Area [mz]
C General proportionality factor (e.g. specific heat capacity)
C/L Measure of effectiveness (CARANTA and LEGRAIN)
Cpb Drag coefficient [-]
Cq Pressure coefficient [-]
Cr Coefficient of friction [-]
CL Lift force coefficient [-]
Cm  Overturning moment coefficient [-]
(O Pressure coefficient [-]
D Plate thickness (terminal ballistics) [m]
E Energy [J]
E’ Energy density [J/mm?]
E'ss  Wounding potential (energy deposited per cm travelled) [J/cm]
E's;  Threshold energy density [J/mm?]
E, Impact energy [J]
Ewn  Energy transferred [
E.  Entry energy (the energy of the projectile as it enters a layer,
having passed through another) [J]
Ed: Pressure energy [J]
Ess  Energy expended in passing through a layer [J]
E. Exit energy J]
Eqr Threshold energy [J]
EKE Expected kinetic energy J]
Ewin  Kinetic energy J]
Emech  Mechanical energy (= Exin + Epot + Eror) [J]
Eot  Potential energy [
E.t  Energy of rotation J]

E.«  Residual energy of the projectile after it has exited the target (e.g.
the body) [J]
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Residual energy of the projectile at the moment when it comes to

rest in the target

Force

Resisting force (flow resistance)
Lateral force

Resultant force

Air resistance
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[N]
[m/s]
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Specific explosion heat of an explosive [J/g]
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Special gas constant [J/(kg-K)]
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Temperature K]
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M First proportionality number (wound ballistics of fragments) [s/m]
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Y Speed of rotation (kinematics) [s]
v Kinematic viscosity (fluid dynamics) [m%/s]
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T Half-life of amplitude (shock wave) [s]
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units
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10" tera T 107 deci d
10° giga G 1072 centi c
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10° kilo k 10° micro u
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U.S. Symbol Definition Metric

Length inch in 254 mm
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Energy foot pound force ft Ibf 1.35582 J
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Metric — U.S.
Metric Symbol Definition U.S.

Length millimetre mm /1000 m 0.03937 in
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Energy joule J I N'-m 0.737561 ft-1bf

Force newton N 1 kg-m/s? 0.224809 Ibf
bar bar 10° Pa 14.503774  psi




1 Introduction

Ballistics is the science of bodies in flight, encompassing the physical phenomena
involved and the movement of the projectile. It is divided into a number of areas,
based on where the projectile is.

Interior ballistics is the study of the acceleration of the bullet in the weapon
and the related processes. The domain of interior ballistics ends where the bullet
leaves the barrel. However, the weapon can continue to influence the flight of the
bullet even after this point, e.g. through oscillations or via the gases that follow
and overtake the bullet. This phase of the bullet’s motion is known as intermedi-
ate ballistics.

Between the moment at which the bullet escapes the influence of the weapon
and the moment at which it strikes its target, the bullet obeys the laws of exterior
ballistics. This part of ballistics involves determining the changes over time and
space of the trajectory of the bullet, its velocity and the movements it describes
about its centre of gravity, taking into account all the forces acting upon it.

The study of the phenomena occurring when a bullet strikes and penetrates an
object is termed terminal ballistics. If the object is a person or an animal, we
speak of wound ballistics.

Interior, intermediate and exterior ballistics can all affect wound ballistics, de-
pending on the distance between muzzle and target. The structure of the bullet and
certain aspects of the weapon may also play a role. As a result, one can only un-
derstand what happens to a bullet in a living being if one has a basic understand-
ing of the physics involved (mechanics, thermodynamics and fluid dynamics), of
ballistics and of arms and ammunition. We shall cover these aspects in Chapter 2.

Chapter 3 — General wound ballistics — examines the phenomenon of the
wound channel, describes simple physical models of velocity and energy over
time and distance and provides an overview of the simulants generally used in
wound ballistics.

Building on Chapter 3, Chapter 4 will introduce the concept of a projectile’s
“effectiveness” and its “effect,” and will look in some detail at the wound ballistic
aspects of handgun and rifle bullets. This chapter devotes a number of sections to
the wound ballistics of fragments, as fragments are the most frequent cause of
injury in armed conflict and in bomb attacks. A separate section is devoted to so-
called “non-lethal” projectiles, as these are becoming increasingly important.

The remaining three chapters apply the basic knowledge acquired in Chapters 3
and 4.

B. P. Kneubuehl (Ed.) et al., Wound Ballistics, DOI 10.1007/978-3-642-20356-5 1,
© Springer-Verlag Berlin Heidelberg 2011



2 1 Introduction

Forensic medicine (Chapter 5) uses the laws of wound ballistics to derive bal-
listic data (type of weapon and ammunition, direction of shot, range, etc.) required
to elucidate killings involving firearms. Simulants can readily be used for dy-
namic reconstructions of events, and are particularly valuable as part of the Vir-
topsy concept (see 5.2 and 5.3).

In war surgery (Chapter 6) wound ballistics is of interest primarily as a diag-
nostic tool. If a surgeon knows how a bullet behaves in the human body, he or she
is in a better position to manage the resulting wound.

Even though this book focuses on scientific facts and phenomena, on pathology
and on the changes that bullet wounds cause, we must not lose sight of the human
aspect. Doctors have repeatedly spoken out against undesirable developments in
the field of arms and ammunition — generally with little success, unfortunately.
The International Committee of the Red Cross (ICRC), with its headquarters in
Geneva, has played a major role in this area. It therefore seemed appropriate to
outline the historical development of ammunition and the efforts made in parallel
to render war more humane, efforts that are reflected in a number of international
agreements. However, we also discuss ways of formulating such agreements
much more precisely, using the knowledge acquired from the study of wound bal-
listics (Chapter 7).

Annex A contains comprehensive tables of ballistic data for a wide variety of
ammunition and bullets. This data is essential to the study of ballistics in general
and wound ballistics in particular. This annex also contains a number of ballistics
tables for contemporary and historical bullets and for other projectiles (such as
fragments and arrows). These tables are followed by similar tables for shotgun
cartridges and pellets.

Annex B consists of a glossary of ballistics and wound ballistics terms. This is
followed by a bibliography and index.
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21 The physics of wound ballistics

211 Preliminary remarks

Wound ballistics is an inter-disciplinary science, involving a wide range of spe-
cialists — doctors, physicists, lawyers, weapons experts, etc. There is therefore a
need for a concise introduction to the basic physics involved. Readers with a good
knowledge of physics may wish to skip Section 2.1.

21.2 Coordinates, systems of units and notation

To describe physical phenomena simply, one needs a suitable system of coordi-
nates. For ballistics, we generally use the ballistic coordinate system: the x- and y-
axes between them define a vertical plane, with the y-axis pointing in the opposite
direction to the earth's gravitational pull. The z-axis completes the system, creat-
ing a right-handed three-dimensional system (see Fig. 2-1). The movements of a
body (a bullet in this instance) are described by reference to a Cartesian system
fixed in the body. The origin of that system is located at the centre of gravity of
the body concerned and its principal axis is aligned with the direction of move-
ment of the centre of gravity at any given point in time.

The units are those of the SI system (Systéme International d’Unités), which is
the official system in many countries. Length is measured in metres, mass in

Fig. 2-1.  Ballistic coordinate system
x-axis in the direction of the shot, y-axis
upwards, z-axis to the right.

B. P. Kneubuehl (Ed.) et al., Wound Ballistics, DOI 10.1007/978-3-642-20356-5 2,
© Springer-Verlag Berlin Heidelberg 2011
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kilograms and time in seconds, often modified by prefixes such as milli-, kilo- or
mega-. A summary of the decimal prefixes appears at the end of the table of sym-
bols (p. XXIII). Other, derived units will be explained the first time the corre-
sponding parameter occurs.

Imperial/US units are still widely used in the fields of weapons, ammunition and ballistics. Again,
the formulas for converting between these units and SI units are at the end of the table of symbols
(p. XXIII).

Most phenomena of interest to us are three-dimensional, and must therefore be
described in terms of three components. For the sake of clarity, however, we shall
in many cases use only one component. This makes little difference in practice, as
it is possible to study many processes one-dimensionally by selecting a system of
coordinates appropriately.

Some definitions and equations include differential quotients. In such cases, we
shall follow the usual convention: derivatives over time are written with a dot
over the symbol, while derivates over distance are indicated using a prime, thus:

dx . dv . dv ,

(2.1:1) — & X, =~ o vy, = A
dt dt dx

2.1.3 Mechanics

2.1.3.1 Kinematics

Kinematics is the study of the motion of a body in space, disregarding the specific
characteristics of the body concerned. The primary role of kinematics is to de-
scribe the path, or trajectory of the body. For these purposes we ignore the size of
the body, treating it as a point. The most important kinematic parameter is veloc-
ity. Velocity is a vector value, of which the components are defined as distance
covered per unit time along three axes:

dx dy dz
2.12 Xy =Yy 22 m’s
(21:2) R Y T T & [m/s]

Speed (as opposed to velocity) is given by:

(2.1:3) v o= Vi o+ Vi + vl [m/s]

Table 2-1 gives a rough indication of typical speeds encountered in ballistics.
Change in velocity per unit time is termed acceleration if velocity increases

and negative acceleration, or deceleration, if velocity decreases:

_dv, v, dv

= —% [m/s?]

2.1:4 a , a, = , a,
( ) * dt Y dt dt
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Table 2-1.  Typical velocities
Object/medium Velocity
[m/s] [ft/s]
Projectile Air rifle/air pistol 100 ... 250 330 ... 820
Handguns 250 ... 400 820 ... 1,310
Rifles 600 ... 1,000 1,970 ... 3,280
Flechette 1,500 ... 1,800 4,920 ... 5,900
Fragment <2,000 <6560
Sound waves In air (15 °C) 340 1,115
In water (20 °C) 1,483 4,865
In steel 5,180 16,995
In glass 5,225 17,142

We can express the magnitude of acceleration in a manner similar to that already
discussed for speed:

(2.1:5) a = al + ai +a’ . [m/s?]
Table 2-2 lists some typical acceleration values encountered in ballistics.

Because velocity is a vector, a change in direction is also an acceleration, even
in cases where speed does not change.

If acceleration is constant, we can readily calculate speed and distance using

the following formula:

(2.1:6) vV = v, +a-t, [m/s]

(2.1:7) X = X, + vyt + teat?, [m]

where vy is the speed at time t = 0 and X, is the distance that the object has already
moved at that moment in time.

Movement along a curved path can always be expressed as movement along a
segment of a circle. The rotational movement is described in kinematic terms by

Table 2-2.  Typical acceleration values
Object Acceleration

[m/s?] [ft/s?]
Acceleration due to gravity (standard value) —9.80665 —32.1740
Pistol bullet in air -200 - 6,560
Rifle bullet in air -400 - 1,310
Fragment in air - 60,000 —197,000
Rifle bullet in barrel on firing, max. 100,000 —328,100
Deformation projectile penetrating a dense — 800,000 - 2,625,000

medium (mean value) up to
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the angular velocity, with angular displacement ¢ measured in radians (one com-
plete revolution corresponds to 27w radians, which equates to 360°).

do
2.1:8 o = —. rad/s
(2.1:8) " [rad/s]
We obtain the rotational speed v (the number of revolutions per second) from the
angular velocity, thus:

2.1:9) v = [1/s]

o
2.
Rotation at a constant angular velocity is known as uniform circular motion. The
tangential velocity is given by:

(2.1:10) vV = 10, [m/s]

where r is the radius of rotation, i.e. the distance between the point under consideration and the
centre of rotation.

This type of motion involves acceleration, because while the speed of the object
does not change, its direction is continuously changing. The acceleration is per-
pendicular to the direction of travel at any given moment, and is directed away
from the centre of the circle. Acceleration is given by the following equation:

(2.1:11) a = vo = — = ro. [m/s’]
r

Conversion between the various representations is performed using Eqn 2.3:9.
Changes in angular velocity are expressed as angular acceleration o

(2.1:12) o = do . [rad/s’]
dt

One case of rotation in ballistics is that of a spin-stabilized bullet, which rotates

about its longitudinal axis. The angular velocities and rotational speed involved

are quite high, and although the radius of a bullet is small, the circumferential

velocities attained are considerable (see Table 2-3).

Table 2-3.  Typical values for angular velocity ®, rotational speed v and circumferential

velocity v
Type of bullet ® \Y v
[rad/s] [1/s] [m/s] [ft/s]
Pistol (9 mm Luger) 8,800 1,400 40 130
Revolver (.44 Rem. Mag.) 5,440 866 30 100

Rifle (7.62 mm NATO) 17,100 2,721 67 220
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2.1.3.2 Mass, momentum and force

Mass is one of the basic characteristics of a body. It expresses itself in two ways:

— abody resists any change in state of movement (inertia);

— abody alters the state of movement of other bodies (gravitation).

Physical phenomena are often independent of the dimensions of a body. In such
cases, it is easier to describe the phenomenon if we treat the body as a point, with
the entire mass of the body concentrated in that point. This point — the centre of
gravity — is chosen such that even when forces act upon the body there is no dif-
ference between the path of the actual body (of non-zero dimensions) and that of
the point mass.

In SI units, mass is expressed in kilograms or grams. Grains and pounds are still used in some
English-speaking countries (see conversion factors on p. XXIII).

The velocity of a body, v, multiplied by its mass, m, is its momentum, M. Mo-
mentum is a vector, of which the direction is identical to that of the body’s veloc-
ity:

(2.1:13) I = m-v. [kg-m/s]

The physical parameter responsible for a change in the state of movement of a
body, or deformation of that body, is known as force. Force is defined by New-
ton’s laws.

1. The velocity of a body (or, more accurately, its momentum) remains con-
stant unless a force acts upon it.
2. Force equals change in momentum over time, so:
dl d
2.1:14 F = — = —(m-v). N
(2.1:14) i G R [N]
The unit of measurement for force is the Newton, and 1 Newton [N] =1 kg-m/sz.

Though not an SI unit, the kilopond [kp] is also in widespread use. In some English-speaking
countries, force is also measured in pounds (or pounds-force). Conversion formulas for units of
force are to be found on p. XXIII.

If the mass of a body remains constant, force equals mass times acceleration:

d dv
2.1:15 F = —(mv) = m— = m-a. N
(2.1:15) o mv) & [N]
3. For every force, there is an opposing force of the same magnitude (ac-
tion/reaction). Please see Table 2-4 for a list of typical forces encountered in

ballistics.

As acceleration is a vector, it follows from Eqn 2.1:15 that force also behaves as a
vector. In order to describe a force, we must therefore know three things: its mag-



8 2 Basics

Table 2-4.  Typical forces acting on a bullet

Type of force Force

[N] [1bf]
Force of air acting on a rifle bullet 4 0.9
Mean drag acting on a bullet fired into water 5,000 1,125
Force on a bullet in a rifle barrel 12,000 2,700

nitude, its direction and its point of application. The best-known force is weight,
G. Weight is the force that occurs when a body is subjected to the acceleration due
to the earth’s gravity, g. From Eqn 2.1:15:

(2.1:16) G = m-g. [N]

In physics, it is often useful to express force as a function of the area on which it
is acting. When a force acts perpendicular to a surface, it is termed either a tensile
or a compressive force. If a force acts parallel to a surface, it is known as a shear
force. Force per unit area is known as stress.

Stress (generally represented by the symbol &) is often more important than the corresponding
force. As a result, it has its own unit of measurement, the Pascal (Pa). 1 Pa < 1 N/m?. Compres-
sive stress may also be expressed in bar. This unit is widely used in ballistics:

1 bar < 105 Pa..

In some English-speaking countries, pressure is also measured in pounds per square inch (Ibf/in?).
Conversion formulas for units of pressure are to be found on p. XXIII.

2.1.3.3 Work and energy

Work and energy, and their relationship to velocity, force, momentum and power,
play a crucial role in ballistics. We shall therefore examine these terms in detail,
the more so as they are not always used correctly in everyday speech.

Work W is defined as the force F acting in a given direction, multiplied by the
distance covered under the influence of that force, s:

@.1:17) W = F-s. ]

Any irregular movement, and any change in the structure of a material (deforma-
tion, destruction, etc.) requires work. The amount of work required depends not
only on the force, but also on the distance covered. Even if the force is large, the
work done will be small if the force acts over a short distance (which often
equates to a short exposure time).

Given that work is defined as force times distance, the unit is the Newton-metre [N-m]. However,
as work is such an important term it has its own unit, the Joule [J]:

1J& 1Nm.

Certain English-speaking countries still use the foot-pound-force [ft-1bf]. See p. XXIII for the con-
version formula.
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In order to move a body against the acceleration due to the earth’s gravity, a force
is required that corresponds to the weight of the body. From Eqn 2.1:17, we can
calculate the work done W using the following formula:

(2.1:18) W = m-gy, [J]

where y is the distance that the body is moved against the force of gravity.

If, however, the body undergoes acceleration as a result of the force acting
upon it, the work done results in movement. Substituting Equations 2.1:15, 2.1:7
and 2.1:6 in Eqn 2.1:17 (the latter two equations with xo =0 and v = 0) we ob-
tain:

(2.1:19) W o= Lom-v?, 7]

If we ignore non-mechanical phenomena, the work done on a body therefore re-
sults either in an increase in distance within the gravitational field, or in move-
ment. In the first instance, this can be expressed in terms of the weight of the body
and the increase in distance (Eqn 2.1:18) and in the second case in terms of the
mass of the body and the speed it attains (Eqn 2.1:19).

Both a body that has been raised from its initial position and a body in motion
are capable of performing work. The ability to perform work is generally referred
to as energy. In the case of a raised body we speak of potential energy, while in
the case of a moving body the term is kinetic energy (see Table 2-5 for examples).
In physics, therefore, work and energy are equivalent. Neither work or energy can
be created or destroyed. All that can happen is that the one is converted into the
other. From Eqn 2.1:19, we can therefore derive an analogous formula for the
kinetic energy of a body in motion, with the same unit [J]:

(2.1:20) E, = - m-v’. [N
Using Eqn 2.1:18, we can express potential energy thus:
(2.1:21) E = m-g-y. 1]

pot

Wounding only occurs when energy is converted into work. However, this proc-
ess is only partially mechanical, as the energy taken from the projectile is used
primarily to deform and destroy tissue. In other words, this energy performs work

Table 2-5.  Typical kinetic energy levels encountered in ballistics

Type of weapon Muzzle energy

J] [ft-Ibf]
Air rifle over 10 7.4
Pistol 500 370
Modern military rifle (5.56 mm) 1,600 1,180
Older military rifle (7.62 mm) 3,000 2,215

Hunting rifle up to 10,000 7,375




10 2 Basics

on the molecular structure of the material. Clearly, however, the severity of a
wound (the quantity of tissue destroyed) can depend only on the energy taken
from the bullet, and not on the total energy that the bullet possessed.

2.1.3.4 Rotation

If a force acts on a system capable of rotation, at a point away from its axis of
rotation, the system will begin to rotate. The angular velocity will depend on the
force and on the distance between the point of application and the axis of rotation
(the lever arm). This phenomenon can be represented as:

(2.1:22) M = For, [N-m]

where M is the torque and r is the distance between the point of application and
the centre of rotation (i.e. the length of the lever arm).

If we consider torque as a vector, it always acts perpendicular to both the direction of the force and
the lever arm, and hence is always parallel to the axis of rotation.

From Equations 2.1:15, 2.1:10 and 2.1:12 we obtain:

(2.1:23) M= m%. o m-r.d®~r = m-r’-oa. [kgm’s’]
dt dt

From this equation, we can see that there is a linear relationship between the

torque and the angular acceleration it produces, as is the case for force and accel-

eration. The factor that links the two is the moment of inertia J, a characteristic of

the body related to the axis of rotation:
(2.1:24) M = J.a. [kg-m?*/s*]

The moment of inertia J therefore has the same relationship to rotation as does
mass to linear motion.

The moment of inertia of a body can be calculated by analytical or numerical
integration over the volume:

(2.1:25) 7= [r*dm. [kg'm’]

The moment of inertia can also be measured using a “moment of inertia” measuring
instrument. The formulas for basic, regular bodies are in some cases quite simple.

Using the definition of force in Eqn 2.1:14, we can derive the following rela-
tionship from Eqn 2.1:24:

dI do
—r = J.—
dt dt
Integrating the two corresponding terms, we obtain an equation with, on one side,

the product of the torque and its distance from the axis of rotation. This product is
the angular momentum or spin:

(2.1:26) L =Tr = mvr = Jo. [kg-mz/s]

M = Fr = = Ja. [kg-m2/sz]
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Table 2-6.  Comparison between linear and rotational motion

Linear motion (translation) I Rotational motion (rotation)
Time t t Time
Velocity v ® Angular velocity
Acceleration a o Angular acceleration
Mass m J Moment of inertia
Force F=ma M=J.a Torque
Momentum M=mv L=Jo Angular momentum
Kinetic energy Eiin = Y4-m-v? Erot = - J-00° Rotational kinetic energy

In determining the kinetic energy of a rotating mass (its energy of rotation, or spin
energy), we must remember that each mass particle has a velocity that depends on
its distance from the axis of rotation. We must therefore integrate the differential
energy over the entire volume:

E, = ~_[v2 -dm = %-J(;)Z 1’ -dm = %-wz-‘[rz'dm ,
\% v

1
rot 2

(2.1:27) E 1.y 0?. [

rot

The analogy between the formula for linear motion and that for rotation is so
striking that it is worth placing them alongside one another (see Table 2-6).

It is often forgotten that yaw and partial rotation are also forms of rotation. In
addition to rotating rapidly about its longitudinal axis, a moving bullet makes
other rotational movements, such as those about a horizontal transverse axis. See
Fig. 2-2.

2.1.3.5 Laws of conservation of mass, energy and momentum

All physical phenomena are controlled by a number of “laws of conservation.”
This is particularly true of mechanics. The analysis of any physical process starts
with the application of these fundamental laws, which generally make it possible
to understand a phenomenon quite easily. However, it is important first to delimit
the physical system in such a way that one can ignore any interaction with the

/ . . Angle of
= . rotation

| e

Fig. 2-2.  Rotation of a bullet about a transverse axis along its trajectory.
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outside world. Such a system is described as “closed.” Laws of conservation apply
only within closed systems.

1. The law of conservation of mass. The total mass within a closed system re-
mains constant. Mass is neither created nor destroyed:

(2.1:28) m, = Z:mi = const . [ke]

In a system consisting of several masses, the centre of gravity of the system also
remains constant, regardless of the movements of the individual masses (such as
in the case of a shot sheaf).

2. The law of conservation of momentum. The total momentum within a closed
system (i.e. one on which no external forces are acting) remains constant:

(2.1:29) I, = X1 = const. [N-s]

3. The law of conservation of angular momentum. The total momentum within a
closed system (i.e. one on which no external moment is acting) remains constant:

(2.1:30) L, = Z:Li = const . [kg-m?/s]

4. The law of conservation of energy for mechanics. The sum of the potential, ki-
netic and rotation energy in a closed, frictionless system (with no energy entering
or leaving the system) remains constant:

(2.1:31) Eper = D Ep+ 2 Ew+ D E, = const. [J]

However, the law of conservation of energy goes beyond mechanics. It also ap-
plies to other, non-mechanical forms of energy.

5. The general law of conservation of energy. The total energy (i.e. the sum of
all forms of energy) in a closed system remains constant.

The conversion of energy from one form to another within a system is not nec-
essarily reversible.

2.1.3.6 Equations of motion

In physics, the motion of a body is described fully if its position, velocity and po-
sition in space are known at every point in time. The motion of a body is deter-
mined exclusively by the forces acting upon it and the accelerations those forces
produce.

Linking the acceleration of a body to its position and velocity yields equations
of motion. These form a system of differential equations that describe the time-
dependent velocity and position functions of a body. In the case of a point mass
(e.g. the centre of gravity of a body), the system consists of six equations — three
for the spatial coordinates and three for velocity. A rigid body of non-zero volume
requires six further equations, which describe the body's position in space and the
rate at which its position changes. In many cases, however, the system of equa-
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tions of movement can be considerably reduced. This is the case, for instance,
when no force is acting in a particular direction.

D'Alembert's principle. Equations of movement can be derived from the law of
conservation of energy or of momentum by differentiation. D’ Alembert’s princi-
ple allows us to take a more direct approach. This principle involves replacing the
acceleration of a body by a fictitious force Fye which, in accordance with New-
ton’s Third Law of Motion, has to equal the sum of the forces applied:

(2.1:32) m-a = F, =>F. [N]

The equations of motion utilize another basic principle of mechanics: the ‘super-
position principle’. This principle states that different movements of a body occur-
ring simultaneously do not influence each other. Any movement can therefore be
divided into separate components, one for each of the axes of the coordinate sys-
tem. We can study each component independently of the others and hence can
describe each component using simple equations.

Trajectory in a vacuum. One typical example of how equations of movement are
developed and solved — and one of particular relevance to ballistics — is that of the
trajectory of a body in a vacuum. No forces act along the x-axis, and the only
force acting along the y-axis is the weight of the body. In accordance with
d’Alembert’s principle, we can write the following two equations:

(2.1:33a) m-v, =0 (x-axis) , [N]
(2.1:33b) m-v, = -m-g (y-axis) . [N]

These two differential equations form the system of equations of movement de-
scribing the trajectory of a body in a vacuum. We can readily integrate the two
equations, using the initial values below, derived from the initial velocity vy and
angle of departure 0:

Vox = Vy-cos6, [m/s]

X

Vo = Vg -sin@ . [m/s]

Integration yields the following two equations:

(2.1:34a) x(t) = v,-cos0,-t, [m]
(2.1:34b) y(t) = v,-sinf, -t — 1-g-t*. [m]

If we eliminate t from both equations, we obtain the equation for the (parabolic)
trajectory of a body in a vacuum:

(2.1:35) y(x) = tan@, x — g x’ [m]

2 2 :
2-vy-cos” 0,
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Taking y = 0 (base of the trajectory), the maximum range x. for a given angle of
departure 0 is:

2

(2.1:36) X, = 2 .sin(2-0,) . [m]
g
Similarly, we can obtain the corresponding time of flight from Eqn 2.1:34b:
2.
(2.1:37) t, = =0 .sino, . [s]
g

We can readily determine the highest point along the trajectory (the peak) if we
bear in mind that the vertical component of the velocity must be zero at that point.
This gives us the time of flight to the peak of the trajectory. Substituting this into
Eqn 2.1:34b we obtain:
VZ
(2.1:38) y, = —>.sin’0, . [m]
s g

Combining Equations 2.1:37 and 2.1:38 gives us the principal equation for the
vertex height. This equation is very useful in practice, and to a close degree of
approximation is also valid for the trajectory of an object subject to air resistance:

(2.1:39) y, = gt [m]

Velocity as a function of distance. It is often clearer to show velocity as a func-
tion of distance instead of time. For these purposes, “distance” generally means
the distance the projectile has travelled along its trajectory, although the term may
refer to the distance travelled along the x-axis in some cases.

For example: we can say that a light, high-speed hunting bullet with a muzzle velocity of 1050 m/s
undergoes a deceleration of 1700 m/s?, but it is difficult to translate this information into anything

practical. If, however, we say that the bullet loses 1.6 m/s per metre travelled, we can understand
what is happening much more easily.

We can write the change in distance along the trajectory thus:

(2.1:40) ds = Jdx*+ dy* + dz* , [m]

from which we can calculate velocity as follows:
2 2 2
v S (] (Y] [
dt dt dt dt

v o= Jvi+vi+ v [m/s]

This yields the following formula for converting between velocity as a function of
time and velocity as a function of distance (using the typographical convention
specified in 2.1.2):
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(2.1:41) g = & dvds L [m/s?]
dt ds dt

2.1.4 Fluid dynamics
2.1.4.1 General

The materials involved in wound ballistics (certain types of tissue, together with
the soap and gelatine used as simulants) act upon a bullet in a manner similar to
that of a viscous liquid. It is considerably easier to understand such phenomena if
we model them as such. On the other hand, the behaviour of a bullet in tissue or in
a simulant depends to a large degree on the impact conditions. In turn, these con-
ditions are directly linked to the movement of the bullet in air. The mechanics of
fluids and gases — known as fluid dynamics — therefore play a major role in
wound ballistics.

When we are studying the movement of a body in a medium it makes no dif-
ference whether we consider the medium to be stationary and the body in motion,
or the body stationary and the medium in motion (in the opposition direction and
at the same speed). In terms of physics, the two approaches are equivalent. We
will therefore use whichever is clearer in a given context.

Motion in a liquid or gaseous medium always generates heat, whether through
friction or as a result of subjecting a gas to increased pressure. It is therefore nec-
essary to include thermodynamic processes in any consideration of fluid dynam-
ics.

2.1.4.2 Basic concepts in thermodynamics

Temperature. Temperature is one of the basic parameters required to describe
processes that involve heat. Temperature describes the thermal state of a body and
serves as a measure of the total kinetic energy of the molecules that make up that
body. It is independent of the mass and the material composition of the body.

If the thermal state of a material changes, so do a number of its physical char-
acteristics, such as its dimensions (length, volume, etc.), its colour or its electrical
conductivity. We can use this behaviour to measure temperature. However, it is
only possible to conduct relative measurements. As a result, we are free to select
the zero point and the units of a scale at will.

The SI unit for temperature is the Kelvin [K]. The only difference between the
Kelvin and the older degree Celsius [°C] is the zero point used for the two sys-
tems. On the Celsius scale, 0 °C corresponds to the freezing point of water,
whereas 0 K corresponds to “absolute zero,” the lowest temperature possible. De-
grees Fahrenheit are in widespread use in some English-speaking countries. All
scales are calibrated using internationally agreed reference points, corresponding
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Table 2-7.  Temperature reference points

(K] [°C] [°F]
Water Freezing point 273.15 0.00 32.00
Boiling point 373.15 100.00 212.00
Oxygen Boiling point 90.18 —-182.97 -297.35
Gold Melting point 1336.15 1063.00 1945.40

to the boiling and freezing points of various materials at normal pressure
(1013.25 mb). See Table 2-7.

Conversion formulas for the various units appear after the table of symbols
(p. XXIID).

Temperature and heat. If the temperature of a given quantity of a material rises
during a physical process, then heat has been introduced. However, an increase in
temperature means that the total kinetic energy of the molecules in the quantity of
material under consideration has also increased. Heat is therefore a form of energy
and is hence measured in Joule. The quantity of heat added is proportional to the
mass and to the increase in temperature. The proportionality factor C is known as
the specific heat capacity of the material:

(2.1:42) AQ = C-m-AT . ]

States of matter. The state of a material can be solid, liquid or gaseous. The more
precise terms for these three states are crystalline, amorphous and gaseous. In the
solid state, the molecules are arranged in a crystal lattice, and are held in place not
only by intermolecular forces of attraction but also by lattice linkage forces. Solid
matter has a specific geometrical form and a fixed volume.

If so much heat is applied to a body that its molecules acquire enough kinetic
energy to overcome the lattice forces, the material enters the amorphous (liquid)
state. All that is keeping the material together at this point is the intermolecular
force. Liquid matter has a fixed volume, but generally has no specific geometrical
form.

If the intermolecular forces are sufficiently strong, amorphous materials may
be shape stable. Examples of this include glass and wax.

If we add enough heat to raise the kinetic energy of the molecules to the point
at which the intermolecular forces are overcome, the molecules become free to
move. The material enters the gaseous state, in which its volume is limited not by
the quantity of matter present, but by the total space available to it. From the
above, we see that it is only possible to change the state of a material to the next
higher level by adding energy in the form of heat. Similarly, the corresponding
quantity of energy is released as the material returns to a lower level.
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Equation of state for gases. Because of the kinetic energy of its free molecules, a
gas exerts a pressure p on the surfaces that delimit its volume. The impacts of the
particles against these surfaces result in a mean force per unit area, which can be
explained by the law of conservation of momentum. Any change in temperature
(i.e. in kinetic energy) or in volume (i.e. in surface area) will affect the pressure.
Pressure, temperature and volume are the thermodynamic state variables of the
gas in question. The equation that links these variables is known as an equation of
state. The best-known equation of state is Boyle’s law:

(2.1:43) p-V = m-R-T. 7]

Where m is the mass of the gas and R is the special (material-dependent) gas con-
stant. If a gas obeys Boyle’s law (Eqn 2.1:43), it is known as an ideal gas. If the
density of the gas is sufficiently low (i.e. if the pressure is low), many gases be-
have almost as ideal gases.

The special gas constant of air is 287.05 J/(kg-K).

In gas dynamics, we generally use density (mass per unit volume) rather than
mass. Eqn 2.1:43 can then be written:

(2.1:44) P _Rr.T. [V/ke]
p

If temperature remains constant, the right-hand side of the equation remains con-

stant, and hence so does the left-hand side.

Heat, work and internal energy. As the volume of a material can only change
considerably when it is in a gaseous state, it follows that materials can only
convert heat energy into mechanical work (energy) when they are in that state.
Devices that perform this conversion are known as heat engines.

Heat engines — which include firearms — always use materials in gaseous form. Those materials are
usually created by heating or by combustion.

If the volume of a gas is increased by heating it, then the gas performs work. Ac-
cording to Eqn 2.1:17, the work done is proportional to the force exerted (pressure
- area) and the distance moved (see Fig. 2-3):

(2.1:45) AW = p-A-As = p-AV . [J]

As we know, the ability to do work is potential energy.
The potential energy of a gas of volume V at a pressure p is therefore:

(2.1:46) E, = p-V. 7]

In this context, the potential energy of the gas is termed pressure energy.

When heat energy is added to a system, two things happen. The first is that the
total kinetic energy of the molecules in that system (its internal energy U) in-
creases, which means that its temperature also increases. The second is that the
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Fig. 2-3.  Calculating the work done as a gas expands
over a distance As.

system performs mechanical work. The following energy balance therefore ap-
plies:

(2.1:47) dQ = dU + dW = dU + p-dv. [J]
If no heat is added to the system (dQ = 0) then, from Eqn 2.1:47:

dU + p-dV = 0,
and hence:
(2.1:48) U+ p-V = const. [J]
The sum of internal energy and pressure energy therefore remains constant.

This statement, taken with the corresponding law of mechanics (Eqn 2.1:31)
constitutes the mechanical thermodynamic law of conservation of energy:

(2.1:49) Eo = Epen + Eq + U = const . J]

mec

In order for the temperature of a gas to rise by a specific amount, the gas must
absorb more heat at a constant pressure than at a constant volume. This is a direct
consequence of Eqn 2.1:48.

If volume remains constant (dV = 0), all of the additional heat is used to raise the internal energy
of the gas (i.e. its temperature), as no mechanical work can be done. At constant pressure, how-
ever, heat is “lost” to work, and the temperature increase is smaller.

This means that the specific heat capacity in Eqn 2.1:42 is greater at constant
pressure than at constant volume:

(2.1:50) y = s [-]
cV

The quotient y is known as the adiabatic coefficient.

2.1.4.3 Material characteristics

Density and compressibility. When liquids and gases (fluids) are subjected to a
force they change their form and, in many cases, their volume. In order to de-
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scribe motion, we therefore need physical parameters that describe the main char-
acteristics of the materials involved. In fluid dynamics, density p is more impor-
tant than mass:

(2.1:51) p = —. [kg/m’]

The compressibility of a material is a measure of the relative change in the vol-
ume of that material in response to a change in pressure:
1
(2.1:52) K = ——- av . [1/Pa]
V dp

The minus sign indicates that an increase in pressure brings about a decrease in volume.

Liquids are generally considered incompressible. At low speeds, we can make the
same assumption for gases.

Viscosity. The absence of lattice force means that a fluid changes its form when
subjected to an external force. However, the fluid reacts to that force with a cer-
tain inertia. This resistance, caused by the intermolecular forces of attraction, is
termed viscosity. If a shear stress is applied to the fluid, with a shear force Fg, (see
Fig. 2-4), a velocity gradient is created in the area under stress. In Newtonian flu-
ids, this gradient is proportional to the stress:

F. dv

2.1:53 o, = * = n-—. N/m’
( ) ; A "y [N/m’]
The proportionality factor is the dynamic viscosity, n:

(2.1:54) n = o Ly . [Pa-s]
dv

Dynamic viscosity as a function of the density of the fluid is known as kinematic
VISCOoSity:

(2.1:55) v = 0. [m%s]

Viscosity depends very much on temperature, with the viscosity of a gas changing
with temperature in exactly the opposite manner to that of a liquid.

Fig. 2-4.  Dynamic viscosity.
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As the temperature of a liquid (and hence its internal energy) increases, the effect of the intermo-
lecular forces decreases, and it becomes less viscous. In the case of a gas, internal friction is
caused by the exchange of momentum between freely moving molecules. As temperature in-
creases, the speed of those molecules increases, causing the gas to become more viscous.

If the mass remains constant, a fluid also resists any change in volume, as a
change in volume can only occur if the form of the fluid also changes. This effect
is known as bulk viscosity, which is to be distinguished from dynamic viscosity.

Speed of sound. Changes in pressure and density (disturbances) propagate
through a fluid in the form of longitudinal waves.

In the case of longitudinal waves, the disturbances oscillate in the same direc-
tion as that in which the wave is moving.

If the disturbances remain small, they propagate at the speed of sound. In lig-
uids, this speed depends on density and compressibility:

(2.1:56) c = L . [m/s]

K-p

In gases, it depends on density and pressure:

(2.1:57) ¢ = /% - JYR-T. [m/s]

The symbol y represents the ratio of the specific heat capacities, cp/cy
(Eqn 2.1:50). For air, its value is 1.4.

The general equation for the propagation speed of small disturbances in a gas is:

(2.1:57a) ¢t = (Gp] . [m?/s?]
0P ) xs-0

The significance of AS = 0 is that changes in temperature have no effect on the heat (energy). This
is known as constant entropy. In the case of an isentropic gas, this gives us the first part of
Eqn 2.1:57.

In accordance with Eqn 2.1:43, the second part of Eqn 2.1:57 only applies to ideal
(or nearly ideal) gases. In such cases, the speed of sound depends solely on tem-
perature. As a result, this speed is a suitable reference speed for compressible me-
dia. This leads us to the definition of the Mach number, Ma:

(2.1:58) Ma = [-]

v
c
The behaviour of a flow is closely related to the Mach number, which gives us a

simple classification criterion.

If Ma <1, the flow is described as subsonic. If Ma =1, the flow is described as transonic. If
Ma > 1, the flow is said to be supersonic.
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2.1.4.4 Frictionless flow

Definition. Laws of conservation. The study of flow is much simplified if one
ignores internal friction. This implies that no shear stresses occur, and hence that
the fluid does not deform. This assumption also ignores the fact that every fluid
adheres to a fixed surface. As a result, external friction is also ignored. Despite
this limitation, a surprising number of phenomena can be described and presented
in the form of laws.

This is because when a fluid flows over a body, the effect of friction is often limited to a thin layer
at the surface of the body (known as the boundary layer). If the thickness of this boundary layer is
very small compared to the other dimensions of the flow, we can safely ignore the effects of fric-
tion.

A fluid in which no internal friction forces occur is termed frictionless. If, in ad-
dition, the fluid is incompressible, it is said to be ideal. Flow is also described in
terms of its relation to time. If the speed and thermodynamic characteristics of the
flow depend only on position, and do not change over time, the flow is described
as stationary.

The laws of conservation of mass, energy and momentum set out in 2.1.3.5
also apply to the movements of fluids. Here again, the conservation of mass plays
a central role: the change in mass in any fixed volume element corresponds to the
difference between the mass entering the system (subscript 1 in the equation be-
low) and the mass leaving it (subscript 2):

Am

2.1:59 —
( ) m

= p-VitA = p,V, A, [kg/s]
This relationship is known as a continuity equation. For an incompressible fluid
(i.e. Am/At =0, p = const), Eqn 2.1:59 becomes:

(2.1:59a) v-A = const. [m®/s]

Speed and flow cross-section are inversely proportional to one another. The law
of conservation of energy applies. If no heat is added, the sum of pressure energy,
kinetic energy, potential energy and internal energy remains constant (see
Eqn 2.1:49):

Ey+ Ey+ E, o+ U = const, [J]
(2.1:60) p-V+imvi+mgy+ U = const. 1

Momentum and angular momentum are also conserved in a flow. As in the case of
mechanics, we obtain the equations of motion for flow from the law of conserva-
tion of momentum, using d'Alembert's principle. In the case of flow, the formulas
are known as Euler's formulas. The question of angular momentum arises only in
turbulent flow, which we shall ignore in this context.
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Bernoulli’s equation. In theory, Bernoulli’s equation is an equation of motion,
and has to be derived from the equilibrium of forces acting on a liquid element.
However, in the case of ideal flow (i.e. where p and U are both constant) it is eas-
ier to derive this equation from the law of conservation of energy (Eqn 2.1:60) by
dividing by volume:

(2.1:61) p+Lip-vi+pg-y = const, [N/m?]

or, if we also assume a constant flow height:

(2.1:61a) P+ 3P vi = py + +py-ve = const. [N/m’]
This means that pressure and flow velocity are directly related to one another. If
pressure is high, fluid velocity is low. If pressure is low, fluid velocity is high.
Acceleration occurs when there is a pressure gradient.

Flow forces. If a flow strikes a flat, stationary plate at right angles, the flow ve-
locity drops to zero at the surface of the plate. If we use  to indicate the values for
undisturbed flow and ; for those at the plate surface, then from Eqn 2.1:61a, for
vy = 0 we have:

Py = Do * é-pO-V§,
(2.1:62) P — P, = -p,-ve. [N/m?]

The left-hand side of Eqn 2.1:62 corresponds to the increase in pressure at the
plate surface by comparison with the pressure in undisturbed flow. This is termed
the stagnation pressure of the plane plate.

In the case of a real body, the streaming pressure depends not only on velocity but also on the form
and dimensions of the body. The actual values will differ from those calculated using the equation
above.

The streaming pressure on a specific body is described using the ratio of the actual
increase in pressure to the plane stagnation pressure. This (dimensionless) quan-
tity is known as the pressure coefficient of the body:

(2.1:63) c, = D= DB [-]
Liopv

The force that a flow exerts on a body (the flow resistance) is obtained by multi-
plying the force by the effective area. However, it is often difficult to determine
this area. The effective area is therefore replaced by a fixed reference area Ay
which, together with the plane stagnation pressure from Eqn 2.1:62, yields a ref-
erence force that is independent of the shape of the body. Dividing the effective
resistance Fp by this reference force gives another dimensionless quantity that
takes account of all form-specific influences. This quantity is known as the drag
coefficient:
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(2.1:64) Co = —T—5—> [-]

(2.1:64a) F, = -C,-1-p-v’-A,. [N]

The minus sign indicates that the force acts in the opposite direction to the movement.

A body subject to a flow experiences a lift force (Fp) — a force perpendicular to
the direction of flow — when the pressure on its two sides is unequal as a result of
the flow velocity on the two sides being unequal (Bernoulli’s equation). The lift
force is calculated in relation to the same reference force as the resistance/drag.
The corresponding ratio is known as the lift force coefficient:

F

2.1:65 C —_—.
( ) L %~p~V2~A0

[-]
As a lift force generally acts at a point away from the centre of gravity, it will also
induce a torque M, with its own reference distance d. The corresponding parame-
ter is known as the overturning moment coefficient:

(2.1:66) Cy = M [-]

1

E'p'Vz'Ao'do

The reference area and distance chosen differ according to the area of study. In the aerodynamics
of missiles, one often uses either the largest cross-section in the plane of the flow or the wing sur-
face/wingspan. In ballistics, however, one generally uses the calibre cross-sectional area (which is
generally smaller than the cross-sectional area of the bullet) and the calibre. It is therefore impor-
tant to specify the reference value when stating a coefficient.

Furthermore, coefficients are always expressed as a function of the Mach number.

2.1.4.5 Flow of a viscous fluid

Forces and equations of motion. In accordance with d’Alembert’s principle,
equations of motion are derived by equating inertial force and the forces acting on
a body. Because density and volume are subject to change, both are expressed as a
function of mass.

The following discussion applies to a one-dimensional flow (a streamline). This makes the rela-
tionships considerably simpler and clearer, and facilitates comprehension of the subject. For com-
plete versions of the general equations of motion for fluids, please consult the literature on the
subject.

A particle in a flow can undergo a change in velocity under two circumstances:

— when the velocity field changes over time (unsteady flow);

— when, in a (stationary) velocity field, it is displaced to a position at which
the flow velocity is higher or lower.
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dy

Total acceleration is derived from the combination of the two sources. This accel-
eration is known as the substantial acceleration:

LU [vs?]

2.1:67 — = —
( ) dt ot 1)

The two terms on the right can be interpreted as time-dependent or position-dependent inertial
forces, expressed as a function of mass.

In calculating the forces, we assume that the streamline under consideration is
oriented along the x-axis and has a cross-section of dy x dz (see Fig. 2-5). The
compressive force per unit mass on a flow element of length dx is then:
+0p)-dy-dz — p-dy-d 1
(p+0p)-dy-dz — p-dy-dz 1 Jp [N/kg]

(2.1:68) = —,
p-dx-dy-dz p Ox

and the frictional force is:

(2.1:69) (6+00)-dy-dz — o-dx-dz _ 1876 [N/kg]
p-dx-dy-dz p Oy

In the case of a Newtonian fluid, we can substitute the shear stress from Eqn
2.1:53:

[N/m’]

2 2
(2.1:70) do _ a.(n.av] S AN

dy oy oy oy oy
Weight is omitted, as it does not exert a force along the x-axis, nor will we include
any external forces, as these would only introduce an additional summand. From
Equations 2.1:67, 2.1:68 and 2.1:69, and taking into account Eqn 2.1:70, we
obtain:

ov ov 1 v
@2.1:71) AN U A [m/s?]
ot ox P oy
: G + 0o
| _>
1
i 1
1
1
1
p I p+op
— ! <
|
1
1
o P bt —
++ /_ dz  Fig.2-5.  Streamline element, with
¥ — = compressive stresses (p) and shear
< > stresses (o).
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The three equations obtained by extending Eqn 2.1:71 to three dimensions are
known as the Navier-Stokes equations for (incompressible) Newtonian fluids.
They only produce unique solutions under very special conditions. To solve real
problems, we must use numerical methods (e.g. finite elements).

For stationary (0v/ot = 0) and frictionless (v = 0) flow, given that
ov 0 .1 .2
vi— = —-(5-V7),
0x 0x G )
we obtain the following equation from Eqn 2.1:71:
9
= Gpv

This corresponds to Bernoulli’s equation (Eqn 2.1:61a) which, as mentioned above, is derived
from the equations of motion.

4+p =0.

Taking account of viscosity. Reynolds number. From the parameters of a flow —
length s, velocity v, time t, pressure p and density p — it is possible to derive a
term for each of the mass-related forces in Eqn 2.1:71. By forming quotients, it is
possible to derive a number of dimensionless values from these four terms, which
can then be used to describe the forces in the flow.

In order to decide whether it is possible to ignore friction in a flowing fluid, we
must know the ratio of inertia forces to friction forces. This (dimensionless)
quantity is called the Reynolds number. After the Mach number, the Reynolds
number is the most important parameter for describing a flow:

v’ /s Vs

(2.1:72) Re = —— = —. [-]
v-v/s v

If Re >> 1, e.g. if speed is high or viscosity is low, it is possible to ignore friction.

Since every flowing fluid adheres to a solid body, there is a layer at the surface of the body within
which the velocity of the flow rises from zero to flow velocity, and within which friction occurs.
For large Reynolds numbers this layer (the boundary layer) is very thin, and friction can be ig-
nored.

If Re = 1 or Re < 1, the friction forces must be taken into account in all parts of
the flow. This is the case for low speeds, small dimensions or high levels of vis-
cosity.

From the values in Table 2-8, we can see that the flight of a bullet in air can be
treated as frictionless flow, whereas friction cannot be ignored when a bullet
passes through a dense medium, such as glycerine soap or gelatine.

Table 2-8.  Examples of Reynolds numbers for bullets

Bullet Re

Rifle bullet, v =800 m/s, s = 30 mm; in air 1.8-10°
in glycerine soap 0.05

Pistol bullet, v =300 m/s, s = 15 mm; in air 3.4-10°

in gelatine 1.1
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21.5 Fluid jets
2.1.5.1 General

A jet occurs when a fluid escapes from an opening in a container and penetrates
another, stationary fluid, at a certain velocity. The density, state and composition
of the two fluids can be the same or different. Such a jet always forms a mass
flow. At high speeds or high densities, it can possess considerable kinetic energy.
Under such circumstances, and up to a certain distance, a jet can be seen as a pro-
jectile, and can have a corresponding effect.

Exit flow phenomena occur when there is a pressure differential between the
container and its surroundings. It is this differential that is responsible for the ac-
celeration of the mass flow. The cross-sectional form of the opening plays a deci-
sive role. If the cross-section of a tube varies, it is termed a nozzle. If the tube is at
its narrowest at its exit, it is known as a muzzle.

2.1.5.2 Exhaust flow from a muzzle

In order to calculate the energy flux and the energy-flux density (which ultimately
determines the wounding potential of the jet), we must first determine the exhaust
velocity and the mass flow rate through the nozzle.

The process by which a gas leaves a nozzle is adiabatic, or nearly so. This
means that heat exchange with the surroundings can be ignored. The equation of
state for adiabatic processes is:

v

(2.1:73) P [p] , [-]
Po Po

where v is the adiabatic coefficient.

The exhaust velocity is calculated using Bernoulli’s equation, with density as per
Eqn 2.1:73. After some calculation, we obtain:

v-1

(2.1:74) voo= |2 Py [Pw| | [m/s]
=1 p; pi

where v, is the exhaust velocity, p,, the exit pressure and p; and p; the pressure and density of the
fluid in the container.

Using Eqn 2.1:59, and taking Eqn 2.1:73 into account, the mass flow rate for an
exhaust cross-sectional area A is:



2.1 The physics of wound ballistics 27

v+1

2
(2.1:75) o= A |2 [pmjy— (pmJ " [kess]
y—1 P p;

The mass flow rate therefore depends upon the pressure and density of the fluid in
the container, the cross-sectional area of the opening and the ratio of the pressure
inside the container to the pressure at the muzzle. From Eqn 2.1:75, it is apparent
that there exists a pressure ratio pn/pi at which the mass flow rate reaches a maxi-
mum,

Eqn 2.1:75 is a continuous function, with a value of zero both at p,/p;=1 and at p,/p;=0. A
maximum must therefore occur somewhere between these two values.

That pressure ratio is known as the critical pressure ratio and the corresponding
muzzle pressure is the de Laval pressure, pL. Substituting extreme values into Eqn
2.1:75 we obtain:

Y

(2.1:76) P _ [ZJ“ . [-]
pi y+1

The corresponding velocity is called the de Laval velocity. This is the maximum
possible exhaust velocity for a gas leaving a muzzle:

(2.1:77) v o= \/ 2”.“{1 - (ZH . [m/s]
y-1 p; y+1

The corresponding mass flow rate is given by the following equation:

y+1

(2.1:78) m o= A- y«pi~pi-(2jy_] . [ke/s]
y+1

If the ambient pressure is greater than or equal to the de Laval pressure, the es-
caping gas can expand fully in the muzzle. The jet will be focused and will be
capable of transferring kinetic energy. If the ambient pressure is lower than the de
Laval pressure, the gas cannot expand fully in the muzzle. Expansion from muzzle
pressure to ambient pressure will occur explosively, causing completely turbulent
flow that is incapable of doing work.

2.1.5.3 De Laval nozzles (converging-diverging nozzles)

From the continuity equation and Bernoulli’s equation, we can now show that
there is a close relationship between the Mach number of the flow Ma and the
form of a nozzle.
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From the equation of motion, Eqn 2.1:71, we obtain Bernoulli’s equation in differential form for a
stationary, frictionless flow (the precondition for a jet):

(2.1:79) Lo, v-@ = 0. [m/s?]
p Ox Ox
Multiplying the equation by 0x and inserting Op in the first term and v in the second, we obtain:
(2.1:80) (@J RN A [m%s?]
op) p v

However, from Eqn 2.1:57a, the first factor in the first summand is the speed of sound squared,
which means that we can insert the Mach number Ma in Eqn 2.1:80:

@+Ma2'@:0, [-]

p v

As we can assume that the flow is stationary, the mass flow rate over time is constant. We can
therefore express Eqn 2.1:59 in differential form, thus:

(2.1:82) op-v-A) = P N LAy [-]

p v A

(2.1:81)

Replacing the first summand in Eqn 2.1:81 with the aid of Eqn 2.1:82, we obtain the following
after calculation:

(2.1:83) N oo 1 A

v 1-Ma? A H

From this equation, it is apparent that acceleration only occurs at Ma < 1 (i.e. when ov/v > 0) with
a convergent nozzle (0A/A < 0) and only occurs at Ma > 1 with a divergent nozzle (CA/A > 0).

In other words, subsonic flows will be accelerated by a convergent nozzle, super-
sonic flows by a divergent nozzle. With a combination of these two types of noz-
zle, it is therefore possible to achieve gas velocities well over the speed of sound.
This type of nozzle is called a convergent-divergent nozzle, or de Laval nozzle. By
choosing the length of the divergent section appropriately, it is possible to ensure
that the pressure in the exit section is equal to ambient pressure. The nozzle is
then said to be adjusted. It is under these conditions that the jet attains the maxi-
mum possible speed.

The exhaust gas velocity is calculated using Eqn 2.1:74, taking the pressure at the exhaust cross
section for p. Eqn 2.1:78 gives the mass flow rate for the smallest cross section.

The exhaust gas velocity and the mass flow rate form the basis for calculating the
jet. These two variables also determine the maximum energy-flux density (i.e. the
energy hitting a given area per unit time) that can occur in the jet.

2.1.5.4 Jet velocity and energy

Except at very low velocities (which are unlikely to cause jet injuries), a free jet
becomes turbulent very shortly after emerging from the nozzle.

In turbulent flow, irregular fluctuating motion is superposed upon the basic longitudinal motion.
As a result, the fluid particles are able to move transverse to the direction of flow. In laminar flow,
this does not occur.

The velocity of a turbulent flow must therefore be seen as a mean value over time. Because of
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the different directions in which the particles are moving, there is an apparent increase in internal
friction by comparison with the mean movement (see 2.1.4.3). This eddy kinematic viscosity is an
important descriptor of turbulent flow.

As a result of the turbulence, the jet partly mixes with the surrounding fluid, drag-
ging particles of that fluid along with it. The mass of fluid picked up by the jet
increases with distance, and the jet becomes broader. At the same time, its veloc-
ity decreases, as total momentum remains constant.

For the purposes of wound ballistics, we can limit ourselves to studying round
jets, as both the gases that exit the muzzle of a weapon and the propulsion jet of a
rocket belong to this category. One advantage of round jets is that the eddy kine-
matic viscosity is constant throughout the jet. This being so, the equation for the
mean velocity distribution in the jet is as follows (only the component acting in

the direction of the jet being relevant):
2
B J , [m/s]
where B is calculated as follows:
2.1:84a . -
( ) 16-n p €-X 1

Symbols for the formulas above:

(2.1:84) v, (x,1) = 3 1 (
8 m p-e-x |1+

Bl | —

x  distance from opening r distance from axis of jet
I total momentum (per unit time) p  density
€  apparent kinematic viscosity

Along the axis of the jet (r = 0), B is zero, which simplifies Eqn 2.1:84 considera-
bly. If we know the velocity, we can use the mass flow rate from Eqn 2.1:59 to
calculate the energy-flux density (energy density E’ per unit time) as follows:

2.1:85 — = —:p-V
( ) A 7 PV

The main difficulty in performing such calculations lies in determining the eddy
kinematic viscosity. This can be accomplished by taking pressure measurements
along the axis of the jet. From the pressure, we can determine the velocity, which
in turn allows us to calculate € from Eqn 2.1:84.

21.6 Measuring techniques for wound ballistics

2.1.6.1 General

Wound ballistics is very much an experimental science. The starting point is al-
ways the observation of phenomena, which are generally preceded by events of
which the preconditions are unknown. In order to understand these phenomena,
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we perform experiments. That simply means repeating the events under known,
defined conditions. This is the only way of understanding the sequence “precon-
ditions = event = phenomenon” and, if possible, creating a physical model.

Scientific experiments must be reproducible. This means that the entire se-
quence of events must meet certain conditions. An experiment therefore involves
measuring not only the events (the “results”) but all the preceding processes and
preconditions that could affect the results. Measurements are hence of vital im-
portance to empirical science.

From a mathematical standpoint, measurements are a type of mapping. Nu-
merical values are assigned in a physical “model space” to a time- and space-re-
lated situation observed in “real space.” This implies that the observer conducting
the measurements always has a model of the process in his head, even if he is un-
aware of this. As a result, there is the danger that he will attempt to use the results
of measurements to confirm his preconceptions. It is important to adopt a critical
attitude and to be prepared to revise one’s assumptions, both in designing the ex-
periment and when interpreting the results. The aim of an experiment is not to
confirm one’s assumptions, but to discover “reality.”

2.1.6.2 Dynamic phenomena

Recording the motion of a bullet — especially in a dense medium — poses a number
of problems. The most significant problem is that all the processes occur within a
very short time. For instance, at an impact speed of 900 m/s it takes a bullet ap-
proximately 1 ms to penetrate to a depth of 30 cm. In the process, very high de-
celerations occur, the axis of the bullet rotates about a transverse axis and the
bullet often deforms or breaks up into several pieces. Regardless of the type of
measuring system, all measurements must be recorded at a frequency of a few ps.

Velocity and deceleration. In ballistics, the most relevant parameters are the ve-
locity and deceleration of a bullet. If these two values are known for all points, the
forces can be calculated from Eqn 2.1:14 and the energy present from Eqn 2.1:19.
These are the physical parameters of greatest importance in describing the proc-
esses.

The most common approach to determining velocity is to measure distance
travelled over time using photoelectric barriers, radar or high-speed cameras. A
first differentiation gives speed over time, a second gives deceleration. In order to
determine speed over time to a reasonable degree of accuracy, the measuring
points need to be as close together as possible. A high sampling rate is therefore
required.

High-speed video cameras operate at speeds of tens of thousands of frames per second, as long as
there is sufficient light. Special cameras designed for very fast processes can record over 100 mil-
lion frames per second, with up to 16 images being available for each process. It is possible to

choose the interval between these images as required. In the case of opaque materials, x-ray flash
photography is used. This generally produces a maximum of six images.
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are shown in grey. See text for details.

Regardless of the method used, the
double numerical differentiation re-
quired to calculate deceleration from
time/distance measurements means
that measurements must be extremely
accurate. Even small errors in meas-
uring distance and time will produce
errors in the drag coefficient approxi-
mately two orders of magnitude
greater.

Example: An object undergoes a constant
deceleration of —600 m/s”. A statistical error of
just a few percent in the time/distance meas-
urements will already cause visible discrepan-
cies following differentiation over time (see
Fig. 2-6b). The deceleration graph produced
from a second numerical differentiation (see
Fig. 2-6¢) almost completely hides the fact
that the object was undergoing constant decel-
eration.

Using pairs of photoelectric barriers
and time measuring devices, it is pos-
sible to determine velocity directly.
Two measuring points of this type
make it possible to measure the change
in velocity over a known distance,
from which it is possible to derive de-
celeration by single differentiation
(KNEUBUEHL 1982). This makes it
possible to obtain a much higher de-
gree of accuracy. Radar devices that
utilize the Doppler principle can also
be used to measure speed over time.

Doppler principle: A radar beam of a given

frequency striking a moving body will be reflected at a different frequency. The change in fre-
quency is proportional to the speed at which the body is moving.

However, neither method can be used for wound ballistics studies. Pairs of photo-
electric barriers only allow us to measure the entry and exit speeds, and hence to
calculate the drop in speed between the two points. They are not suitable for
measuring a fast process that occurs over a short distance. Modern radar equip-
ment can take measurements through simulants, which makes it possible to cal-
culate the impact speed and residual speed of a bullet passing through a block of
simulant. However, the sampling rate of such equipment is currently still too low
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e 3 I Fig.2-7. Image of a bullet penetrating a block of soap, made
. using a mirror angled at 45°. Upper picture: plan. Lower picture:
- elevation. The angle of incidence can be determined from the two
*‘ pictures (see also KNEUBUEHL 2004).

-, =3
to record the change in speed over distance as the bullet passes through the mate-
rial.

Proper motion of a bullet The proper motion of a bullet (the movement of the
axis of the bullet about its centre of gravity) involves more than one plane. This
motion can only be recorded using a measuring system that operates in two
planes.

That involves taking a photograph of the bullet using two photographic plates
at the same time, with the two plates arranged at right angles to each other. The
photographic technology used (visible light or x-ray) is of secondary importance.
From the pair of images produced, it is then possible to determine the orientation
of the bullet’s axis. This procedure is appropriate when one wishes to measure the
angle of incidence of the bullet at a particular point (e.g. the point of impact) or to
measure the change in angle of incidence along a section of the bullet’s trajectory.

If the bullet is fired parallel to a mirror angled at 45° to the camera, it is possi-
ble to record both the side elevation and the plan view of the bullet on a single
image. This method has the advantage that both images are created at exactly the
same instant. See Fig. 2-7.

Another technique, which can only be used in the case of ferrous objects (e.g.
bullets with a steel core or a thick steel jacket), utilizes the fact that a magnet ro-
tating in a coil generates a potential difference. The change in potential difference
(voltage) is proportional to the speed of rotation. If the bullet is magnetized and
the target medium (soap or gelatine) placed inside a large coil, the rotating bullet
will induce a voltage in the coil as it passes through. By recording this voltage, it
is possible to determine the change in speed of rotation over distance (KNEU-
BUEHL 1990c; measuring method based on that of R. CATTIN).

2.1.6.3 Physical values

Centre of gravity. Moments of inertia. Determining the mass and the external
dimensions of a bullet is both simple and commonplace. Determining the mo-
ments of inertia and the centre of gravity is less common, but is necessary in the
field of ballistics, especially when one is studying stability.

The moment of inertia can be determined empirically using the principle of the
physical (rotating) pendulum. The period of such a pendulum is directly related to
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the moment of inertia of the oscillating body relative to the centre of rotation. If a
torsion wire is used to impart a retarding moment, measurements can be con-
ducted through a bullet’s centre of gravity, along its longitudinal or transverse
axis. The moment of inertia of the measuring apparatus is measured beforehand
using an object with known moments of inertia (see KNEUBUEHL 2004 for further
details).

One way of finding the centre of gravity is to use a center of gravity measure-
ment instrument. This involves sliding the bullet across a sharp edge until it is
more or less in equilibrium. It is then held steady while the point in contact with
the blade is marked.

If the structure of the bullet is not too complex, it is also possible to determine
the centre of gravity and moments of inertia by calculation. This is the case for
many handgun and rifle bullets. The process consists of dividing the bullet into
thin slices, calculating the moment of inertia for each slice and calculating the
sum of the moments.

Characteristics of materials. It is worth mentioning just a few specific meas-
urement issues of relevance to wound ballistics. These include measuring viscos-
ity and the speed of sound in dense media of the types used as simulants. Both
parameters have a significant influence on shock waves.

Using Eqn 2.1:2, the speed of sound in a medium is determined by measuring
the time a wave takes to pass through a layer of known thickness. Ultrasonic
waves are generally used, although it is difficult to filter out the main signal.

Measuring the viscosity (and other mechanical parameters) of a simulant is im-
portant if fluid dynamics modelling is to be carried out. Measuring devices (cone
viscometers) are available that allow standard measurements to be conducted even
on very viscous materials.

2.2 Ammunition and weapons

2.2.1 Introduction

To understand wound ballistics, one needs a sound knowledge of ammunition in
general and bullets in particular. We shall therefore be looking at the design of
contemporary ammunition in some detail (2.2.2). Our focus will be on bullet de-
sign, as this has a major influence on wounding.

Ammunition and weapon are two halves of the same system. Sub-section 2.2.3
therefore gives an overview of key weapon characteristics and common types of
weapon. This book is not the place for a detailed description of individual weap-
ons, but exterior ballistics plays a major role in wound ballistics, as it tells us a
great deal about the impact conditions. We shall be looking at exterior ballistics in
sub-section 2.3.4.
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2.2.2 Ammunition

2.2.2.1 The structure of a cartridge

Cartridge parts and nomenclature. A cartridge generally consists of four parts.
We shall be discussing the structure and characteristics of these parts in the sec-

tions below. The four parts are:

bullet;
propellant;

— case;

— primer.

See Fig. 2-8.

There are two systems for identifying cartridges. One is of European origin and
uses metric units. The other originated in the English-speaking world and uses
inches. Both systems indicate not only the dimensions of the cartridge itself, but
also the relevant dimensions of the weapon, such as those of the chamber or the
bore — the inside of the barrel. In many cases, we can refer to the same cartridge
using both a metric designation and a designation in inches.

The metric designation consists of:

calibre;
— (case length);
— additional indicator.

The calibre and case length are in millimetres. The calibre is often a nominal
value, corresponding only approximately to the diameter of the bore (measured

Bullet

Propellant

—— Case

Fig. 2-8.  The parts of a cartridge.

from land to land, see 2.2.3.1) or that of the
bullet.
Examples: 9 mm Luger

7 mm Rem. Mag. (Remington Magnum)
7.62 x 54 R

The Anglo-American cartridge naming con-
vention also includes the calibre (as a decimal
fraction of an inch), but the calibre in the desig-
nation may not correspond exactly to a phy-
sical dimension. The format is:

- calibre;
- additional indicator.

The calibre and the additional indicator be-
tween them define all the dimensions of the
cartridge. Older calibres often include a second
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number, separated from the first by a dash (-). This is the powder load in grains of
black powder, indicating the approximate power of the cartridge. In some cases,
the number after the dash had a different meaning, as explained in the examples
below. A slash (/) followed by a number indicates a later reduction in calibre,
achieved by changing to a drawn case.
Examples: 357 Mag. (same bore diameter as 38 Spl)

30-30 Win. (with NC propellant)

30-06 Springfield (in this instance, the second number indicates the year of introduc-

tion, 1906)
450/400 Magnum

Annex A.4 contains tables of the most common ammunition types, including the
calibre of the bore (the inside diameter, measured land to land) the diameter of the
bullet and the length of the case.

There are often several cartridge calibres for a given bore calibre, e.g. there are
at least 10 different 9 mm cartridges. It is therefore important to use the exact
calibre designation.

The bullet. The role of the bullet is to transport to the target the energy needed to
achieve a given effect and to convert that energy into work on reaching the target.
Almost all small arms use kinetic energy, and that largely determines the form and
structure of the bullet. The bullet must survive the forces it undergoes in the barrel
as it acquires its energy and must lose as little energy as possible between muzzle
and target. The physical processes related to these requirements are fairly well
understood, which limits the scope for major differences in bullet design.
Bullets can be divided into the following basic categories:

— solid bullets (see Fig. 2-9 a), which generally consist of a single material (lead,
brass, plastic, etc.)

— Jjacketed bullets, which contain a core, generally of lead, and are hence known
as soft-core bullets. The core is covered by a thin layer of some other material,
the jacket. Typical jacket materials include copper alloys and plated steel. In

"\

a b c d e f

Fig. 2-9.  Cross-sections of various types of bullet: a. Solid. b. Full metal-jacketed. ¢. Semi-
jacketed. d. Semi-jacketed hollow-point. e. Hard-core. f. Tracer.
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most cases, the jacket does not completely enclose the core, as this would
complicate the manufacturing process. However, if the entire bullet is en-
closed, including the tip (but often except the base), and the jacket is crimped
shut at the base of the bullet, one speaks of a full metal-jacketed bullet (see
Fig. 2-9 b). If the jacket leaves part of the tip uncovered, the bullet is desig-
nated a semi-jacketed bullet (SJ); see Fig. 2-9 c. If, in addition, the tip is hol-
lowed out, the bullet is described as a semi-jacketed hollow-point bullet
(SJHP); see Fig. 2-9 d.

— Hard-core bullets are special jacketed bullets designed to penetrate hard
materials. They contain a core of very hard material (such as hardened steel,
tungsten or a tungsten alloy) (see Fig. 2-9 e) and are mainly used by the armed
forces.

— Tracer bullets are solid or full metal jacketed bullets with a pyrotechnic charge
in the tail. The charge burns during flight, rendering the trajectory of the bullet
visible (see Fig. 2-9 f).

There has been (and still is) considerable disagreement regarding the way energy
is transferred from bullet to target and the effect of bullets on the body. The result
is a wide variety of bullet types for hunting and handgun ammunition. In terms of
their penetration behaviour, we can divide such bullets into three categories:

— Shape stable bullets, which maintain their shape in the target. This type of bul-
let only undergoes minor changes in form (such as bulges) and loses no mass.

— Deforming bullets, which deform in the target. This type of bullet loses only a
small percentage of its mass.

— Fragmenting bullets, which are designed to fragment as they pass through the
target medium.

Bullets do not always fall neatly into one or other of the above categories, as their
behaviour depends not only on their design but also on impact velocity and target
medium. A bullet may fragment at high velocity, deform at medium velocity and
be shape-stable at low velocities, for instance. The most important specialized
bullet designs are described in 2.2.2.2, “Types of ammunition.”

Bullets are also classified according to shape, materials and structure. A num-
ber of abbreviations are used to provide additional information about the bullet
and these form part of the cartridge designation. For instance, “FMJ RN” desig-
nates a full metal-jacketed round-nose bullet and “LHP” a solid lead hollow-point
bullet. Please see Annex A.5 for a list of the most common bullet designations.

Propellant. The propellant is the firearm’s energy source. Its task is to accelerate
the bullet to a particular velocity. There are various ways of generating the neces-
sary force; it is possible to use a spring (as in a spring pistol), a rubber cord (as in
a catapult) or electromagnetic force (as in a rail gun). In the various majority of
cases, however, the required force is obtained by applying the pressure of a com-
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pressed gas to the base of the bullet. This pressure can come from a number of
sources:

— mechanical compression (in the case of an airgun);
— air reservoir or gas cartridges (e.g. in the case of a CO, weapon);

— combustion in a confined space.

The first two sources produce only modest levels of muzzle energy. Any more
powerful weapon has to use the third source of gas — combustion in a confined
space. The substances used must be highly flammable and must release a large
quantity of gas during combustion. In order to generate sufficient pressure, com-
bustion must take place in a small space, but such a small space will contain too
little oxygen for combustion. Combustible propellants must therefore include a
component capable of supplying the oxygen they need for their own combustion.

The standard composition of the oldest known propellant, black powder, is as
follows:

75% saltpetre (potassium nitrate, KNO3);
15% charcoal (carbon, C);
10% sulphur (S).

The saltpetre supplies the oxygen, while the carbon and the sulphur constitute the
combustible elements.

To produce black powder, the raw materials are ground down, mixed and formed into cakes using
a hydraulic press. The cakes are then crushed and the resulting grains are sieved and sorted by size
(see Fig. 2-10). As we will see, the entire surface of the propellant plays a decisive role. The finer
the powder, the greater its surface area for a given mass and hence the faster it will burn. As fine
grains were used in the days of the musket, such propellant has acquired the name “powder.”

When black powder burns, it produces the gases required — carbon dioxide and
nitrogen (CO, and N,) — but also potassium sulphide. This is a solid compound
that produces visible smoke and leaves unwanted deposits in the barrel. Its mass is
equal to 40% of the mass of the powder that produced it, which explains the rela-
tively low efficiency of black powder.

Black powder is rarely used as a propellant in firearms today, except in histori-
cal or reproduction muzzle-loaders. However, it is still used as an explosive, for
pyrotechnics (detonating cord, caps, fireworks, etc.) and as a booster in the primer
screws and priming cartridges of heavier weapons.

So-called “smokeless” powders, which have almost completely replaced black
powder in firearms, are based on a mid-19th-Century invention; nitrocellulose
(guncotton, see 7.2.2.5). Nitrocellulose is produced by adding a nitrating acid (a
mixture of nitric and sulphuric acid) to cotton linters (short-fibered cotton). The
nitrocellulose is gelatinized using solvents and becomes a homogenous, kneadable
mass. This mass can then be extruded and cut into “powder grains” of the form
required (see Fig. 2-11). The solvent is then removed by drying. Nitrocellulose
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Fig. 2-10. Black powder, Fig. 2-11. Nitrocellulose powder. Left: Fine flake powder,
Grain Size 2, as used for as used in handguns and shotguns. Right: Coarse tubular
long weapons. powder, as used in large-calibre long weapons.

(NC) powders are known as single-base powders, as they contain one substance
that supplies energy.

However, nitrocellulose can also be dissolved in nitro-glycerine, a highly im-
pact-sensitive explosive. When warm, the resulting mass is kneadable and can
readily be formed as required. Nitroglycerine (NG) powders are known as double-
base powders, as they contain two substances that supply energy.

On combustion, smokeless powders are transformed almost entirely into gas:
carbon dioxide (CO,), carbon monoxide (CO), water vapour (H,O), hydrogen
(Hz) and nitrogen (N). These powders produce approximately three times as
much gas as the same mass of black powder, making it possible to obtain higher
pressures — and hence greater accelerating forces — with less powder.

The parameters that can be used to describe a powder include the following:

— explosion heat Q: the quantity of heat released by the rapid (explosive)
combustion of 1 kg of a powder;

— specific gas volume: the quantity of gas produced by the combustion of 1 kg
of a powder;

— explosion temperature: the temperature at which the powder burns in a
space of fixed volume;

— auto-ignition temperature: the temperature at which the powder will ignite
spontaneously.

Table 2-9 lists the data for the three most important types of powder.

Primer. In order to ignite the propellant as evenly as possible, and to ensure that
all of the propellant ignites at the same time, a cartridge requires a primer. A
primer contains a small quantity of an impact- and friction-sensitive high explo-
sive (not propellant). This explosive must generate both sufficient heat and a suf-
ficiently powerful flame. Originally, a mixture of mercury fulminate and potas-
sium nitrate was used, but this led to severe corrosion of the barrel. Around 1920,
the SINOXID primer was invented, which used lead styphnate and barium nitrate
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Table 2-9.  Powder data

Type of powder Black powder NC NG
Explosion heat [J/g] 2650 3500 4800
Specific gas volume [ml/g] 280 900-970 800-860
Explosion temperature [°C] approx. 2400 2500-3000 3000-3800
Auto-ignition temperature  [°C] 300 170 160
Solid residues [%] 40 approx. 1 approx. 1

instead of mercury nitrate and potassium nitrate. However, SINOXID primers had
a high lead content, and have now been replaced by lead-free primers such as the
SINTOX primers produced by RUAG (formerly Dynamit Nobel AG). These pri-
mers use diazole instead of lead styphnate.

Leaving aside proprietary designs, there are three primer systems. In a rimfire
cartridge, the primer is incorporated into a bead that forms a rim around the cir-
cumference of the case head (see Fig. 2-12 a). The primer is fired by striking the
rim, hence the name. Today, virtually the only rimfire cartridges are the Flobert,
the 22 calibres and the 5 mm Rem. Mag. In order to achieve the required degree
of impact sensitivity, the case must be fairly thin at the rim, so rimfire cartridges
are only suitable for low gas pressures.

The other two primer designs involve pressing the primer into a depression (the
primer cup) in the centre of the case head. Both Boxer and Berdan cartridges are
hence termed “centrefire” cartridges. When the firing pin strikes the base of the
primer, it forces it up against the anvil. The resulting impact and friction energy
detonate the primer. The principal difference between the two types of centrefire
primer lies in the position of the anvil. In the case of a Boxer primer, the anvil is
built into the detonator cap (see Fig. 2-12 b). The primer thus forms a single unit,
which simply has to be inserted into the primer cup in the head of the case. The
powder is ignited via a central flash hole. In the case of the Berdan primer (see
Fig. 2-12 ¢), the anvil is part of the case, rendering a central flash hole impossible.
The Berdan primer therefore uses two or more flash holes arranged radially.

- Propellant
- Flash holes
—— Propellant _ Ani
. __— Primer
~ Primer
. Primer cup
a b a3

Fig. 2-12. Types of primer: a. Rimfire, b. Boxer, ¢. Berdan.
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Case. The introduction of breech-loading weapons posed a number of problems,
and these were only resolved by the invention of the cartridge case. The case ful-
fils a number of important functions during the firing process.

As the propellant burns, high pressures are created in the weapon — it is this
pressure that accelerates the bullet. It is therefore necessary to seal the space in
which combustion takes place. This function is performed by the case, as the pres-
sure causes the cartridge to expand and become a tight fit against the inside of the
chamber. The tight seal also protects the firing mechanism against the corrosive
effect of the hot gases.

Deflagration of the powder also generates large quantities of heat, raising the
temperature of the weapon and especially that of the barrel. When the case is
ejected after firing, a large quantity of heat goes with it, slowing down the rate at
which the temperature of the weapon rises. In addition to sealing the chamber and
dissipating heat, the case fulfils the following functions:

— itacts as a means of transporting the propellant and primer;
— it holds the bullet and primer, and positions them in the weapon;

— it provides the bullet with initial resistance against the pressure of the ex-
panding gases, which plays an important role in ensuring that the propellant
burns evenly;

— it centres the bullet and guides it as it starts to accelerate.

In order to maximize the volume of propellant available, the diameter of the case
body is often greater than that of the bullet. The point at which the case diameter
is brought down to the diameter of the bullet is called the shoulder. The case must
be seated securely in the weapon to ensure that the bullet and primer are always in
the correct position. The various ways of seating the case in the chamber and the
different pressures used have resulted in a variety of case designs.

The rimmed case is an immediate descendant of the rimfire cartridge. Its head
extends beyond the maximum diameter of the body and sits against the rear
opening of the chamber. In the case of European cartridges, this type of case is
often identified by the letter R (rim), e.g. 9.3 x 74 R.

There are rimmed cases with a shoulder and there are those without. Most re-
volver cartridges, for instance, have a rim but no shoulder (see Fig. 2-13 a). The
French 8 mm Lebel is a typical rimmed cartridge with shoulder (see Fig. 2-13 b)
and is probably one of the oldest cartridges using a metallic case and NC powder.
The Russian 7.62 % 54 R is another example.

The junction between the head and the body is one of the weak points of a car-
tridge case. Cartridges for particularly high pressures are therefore reinforced by a
bead at this point, which also constitutes the contact surface between the cartridge
and the rear of the chamber. Cases of this design are said to be “belted” and are
designed for high muzzle energies. Belted cases are most often used for high-
powered hunting ammunition (see Fig. 2-13 c).
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Fig. 2-13. Cartridges with ...
a. Rimmed, no shoulder,

b. Rimmed and shoulder,

c. Belted rimless and shoulder,
d. Rimless, no shoulder,

‘ e. Shoulder, no rim.
d e

Rimless cartridges are the most common type. The case head does not project
beyond the body. They are easier to insert into a magazine, which accounts for
their widespread use. When chambered, this type of cartridge is seated against its
shoulder (in the case of a shouldered case) or otherwise against its mouth. Rimless
cases are used mainly for military and pistol ammunition (see Fig. 2-13 d, e).

2.2.2.2 Types of ammunition

General. We can make a basic distinction between two types of ammunition:
ammunition for handguns (pistols and revolvers) and ammunition for long weap-
ons (rifles and shotguns). The calibre standards of the C.I.P. (Commission Inter-
nationale Permanente pour I’Epreuve des Armes a Feu portatives, Permanent In-
ternational Commission for the Proof of Small-arms) in Brussels list some 90
handgun calibres and over 300 for long weapons. This total does not include the
additional calibres listed by the US standardization body SAAMI (Sporting Arms
and Ammunition Manufacturer’s Institute). As each cartridge case can be com-
bined with a number of different bullets, the number of ammunition types is very
large. To provide an overview, we shall look at each ammunition type separately
for each category of weapon, as it is the weapon that has the greatest influence on
the characteristics of the ammunition.

Pistol ammunition. With a few exceptions, pistol cartridges are of the rimless
design, with no shoulder, and are slightly conical in shape. These features sim-
plify the design of the feed mechanism and magazine of semi-automatic pistols
and submachine guns. Muzzle energy and moment must be kept low, both to al-
low a pistol is to be fired one-handed and because pistols and submachine guns
are comparatively light. As a result, a small quantity of propellant is sufficient.
This in turn means that the volume of the case can be kept small and the cartridge
short. Fig. 2-14 shows a number of typical pistol cartridges from across the calibre
spectrum (5 mm to 13 mm).
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b c

Pistol ammunition generally uses full metal-jacketed round-nose bullets, as
these chamber smoothly (see Fig. 2-14 b—e). There is little justification for using
pointed bullets, given the low muzzle velocities and short ranges involved.

The relatively low energy levels limit the effectiveness of handguns and many
attempts have been made to compensate for this through bullet design. As a result,
many types of bullet exist; there are over 60 types of bullet for 9 mm Luger am-
munition, for example.

There are two principal approaches to the issue. One is to use deforming solid
and full metal-jacketed hollow-point bullets, which deform well in a soft medium.
Examples include the MEN QD P.E.P. bullet and the RUAG Action 4 (see Fig.
2-15 a), the Federal Hydra-Shok (which has a lead spike, known as a “centre
post,” inside the hollow tip, see Fig 2-15 b) and Remington's Golden Saber (see
Fig. 2-16 a).

The other approach aims to maximize effectiveness against body armour and
hard materials (such as steel and aluminium panels) using extremely light brass,
copper or steel bullets and high muzzle velocities (up to 600 m/s). These include
the French THV (Tres Haute Vitesse, very high speed) (see Fig. 2-15 ¢) and Ar-
cane; the American KTW (see Fig. 2-16 b) and the British sabot-guided Alpha.

Fig. 2-14. Pistol ammunition:

a. 545 %19,

b. 6.35 Browning,

¢. 7.63 Mauser,

d. 9 mm Luger (previously
known as Parabellum),

e. 45 Auto,

f. 50 AE (Action Express) with

d e f semi-jacketed bullet.

Fig. 2-15. 9 mm Luger pistol cartridges and bullets: a. RUAG Action 4, b. Federal Hydra-Shok ,
c¢. SFM THYV, d. Triplex (three separate bullets) Bottom row: cross-sections.
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Fig. 2-16. 45 Auto bullets:
a. Golden Saber (SJHP),
g b. KTW (brass, teflon-coated).
o

Both bullets are available in other calibres
(e.g. 9 mm Luger).

—

The many proprietary designs include tracer, plastic bullets that release a shot
payload on impact (the Glaser Safety Slug, see 4.2.2.3), fragmenting projectiles,
three-part bullets (Triplex, see Fig. 2-15 d) and exploding bullets, which incorpo-
rate a small explosive charge.

In addition to ammunition designed for maximum effectiveness, manufacturers
also produce training ammunition. Examples include the DNAG PT (plastic
training) cartridge. The bullet has a muzzle velocity of approx. 950 m/s but slows
to approx. 250 m/s after just 20 m. Short-range ammunition also exists, with bal-
listic characteristics similar to those of full metal-jacket bullets at expected en-
gagement ranges (out to 50 m) but a significantly shorter maximum range.

Because of the materials used (compressed metallic powder and plastic), these
bullets fragment on hitting hard surfaces, even at an angle, thus preventing rico-
chets. These bullets are therefore known as frangible bullets and are used for
training.

However, the most widely-used pistol cartridge is probably the 22 L.R. (Long
Rifle), known in the German-speaking world as 5.6 IfB (lang fiir Biichsen, “long
for rifles”). This is a rimfire cartridge, originally developed on the basis of the
22 Long for use in small bore rifles. The cartridge was later adopted by pistol
shooters, and is in widespread use for target shooting. It is also used in many other
pistols, revolvers and rifles. Two types of bullet are available. Competition shoot-
ers use lead round-nose bullets (LRN, see Fig. 2-17 a), while hollow soft-point
bullets are available for varminting (LHP, see Fig. 2-17 b). There are other car-
tridge standards for this calibre, such as 22 extra long (see Fig. 2-17 c¢) 22 extra

! b. 22 L.R. with lead hollow-point bullet (LHP),
&_/’ c. 22 extra long, with longer case,
d. 22 Winchester Magnum with copper-plated
d lead hollow-point bullet.

i Fig. 2-17. Small-calibre cartridges:
a. 22 L.R. with lead round-nose bullet (LRN),
c
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Fig. 2-18. Revolver cartridges:

a. 32 S & W Long, Wadcutter (WC),
b. 38 Special LRN,

c. 44 Rem. Mag. SJHP.

L

a c

L.R. and 22 Winchester Magnum (see Fig. 2-17 d). The last of these delivers al-
most as much energy as a 9 mm Luger bullet.

Revolver ammunition. Revolver cartridges differ from pistol cartridges in a
number of basic respects. Almost all revolver cartridges are rimmed, and cases are
significantly longer than those of pistol cartridges (see Fig. 2-18). Rimmed cases
sit much better in the cylinder and are easier to extract after firing.

The longer case has a historical background. Unlike semi-automatic pistols, re-
volvers were introduced when black powder was still the usual propellant, and
black powder cartridges require approximately three times as much propellant as
those loaded with NC powder. In addition, gas escapes through the gap between
the cylinder and the barrel, and this loss must be compensated by additional pow-
der. A fairly large load volume was therefore required, which meant that the case
had to be relatively long.

It was not possible to modify existing weapons when smokeless powder was
introduced, so the long cases remained, and today they are only partly filled with
propellant. This makes it possible to produce cartridges with the bullet positioned
right inside the case (such as the 38 Spl Wadcutter (WC) and the 32 S & W Long
WC, see Fig. 2-18 a). The large case can tempt inexperienced reloaders to use ex-
cessive loads, and this has often led to weapons being destroyed and to accidents.

Revolver bullets differ from those used in pistol ammunition, in that while
pistols generally use fully-jacketed or (more recently) solid bullets, most revolvers
fire semi-jacketed or solid lead bullets. Here again, there is a historical reason.
The gas pressure and acceleration in a revolver were not so high as to make jack-
eted bullets essential, and it was easier for the bullet to exit the cylinder and enter
the barrel if it was either solid lead or soft-tipped. The problem of lead deposition
in the bore was overcome by greasing the bullet — the cylindrical part of a solid
lead bullet incorporates one or more grease grooves. In addition to solid lead bul-
lets, almost exactly the same bullet types are available for revolvers as for pistols
(Fig. 2-19 a, c—e¢).

Ammunition for military rifles. Almost all contemporary military small arms
are designed for automatic or semi-automatic fire. The ammunition used must
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Fig. 2-19. Revolver cartridges and bullets: a. 38 Spl SJHP b. 38 Spl Metal Piercing ¢. 38 Spl
Winchester Hydra-Shok d. 357 Magnum, Remington Golden Saber e. 44 Rem. Mag. SJFP

therefore meet a number of requirements. Cartridges fed automatically are sub-
jected to significantly higher forces than those fed by manually operating a bolt or
similar device. The inertia of the bullet must not cause it to slide into the case
during loading, and nor must it fall out of the case. The bullet must therefore be
fixed to the case, which is generally achieved by crimping the mouth of the case
into a groove in the bullet, known as a cannelure. To comply with international
treaties, military bullets are generally of the fully-jacketed type and because of the
comparatively long ranges at which they are used they are generally aerodynamic
in form, i.e. pointed. See Figs 2-20 and 2-21.

When firing on fully automatic, the barrel of a rifle rapidly attains temperatures
of well over 100°C. Despite this, the weapon is expected to fire many thousands
of rounds. As a result, military ammunition is not designed to produce the maxi-
mum power possible at a given calibre. This minimizes the risk of a cartridge
“cooking off” in the barrel (firing spontaneously) when the weapon is running hot.

Since World War Two, four calibres have dominated the field of military am-
munition. Eastern armed forces adopted the short 7.62 x 39 (Kalashnikov) (see

Fig. 2-20. Military cartridges
and bullets (eastern):

a. 5.45 x 39 (Kalashnikov),

b. 7.62 x 39 (Kalashnikov),

¢. 7.62 x 54 R (Dragunov) with
a b c steel-core bullet (yellow tip).
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Fig. 2-21. Military cartridges and bullets (western):

a. 5.56 mm NATO (5.56 x 45, also designated 223
Remington), SS 109 bullet,

b.7.62 mm NATO (7.62 x 51, also designated 308
Winchester).

%. 1

Fig. 2-20 b), which was joined in the mid-1970s by the smaller 5.45 x 39 (Kalash-
nikov) (see Fig. 2-20 a). The 7.62 x 54 R (see Fig. 2-20 c) is widely used in ma-
chine guns and sniper rifles. After the Second World War, Western forces initially
used the commercial 308 Win. calibre, designated 7.62 mm NATO (see Fig. 2-21 b).
In the mid-1960s, the United States introduced a new, smaller calibre: the 223 Rem.
(5.56 x 45) and some 15 years later this calibre became the NATO standard, albeit
with a special bullet and shorter twist length. See Fig. 2-21 a. Ballistic data for the
various military calibres are in Annex A.4.

In addition to the normal full metal-jacketed lead-core bullet, armed forces use
a number of special bullets. Tracer bullets include a pyrotechnic charge in the tail
(see Fig. 2-9 b). The charge burns for a certain time during flight (generally up to
1.5 s, depending on calibre), showing both the trajectory of the bullet and the
point of impact. To enhance penetration of hard materials (steel, ceramics, etc.),
the lead core can be partly or completely replaced by a core of hardened steel (see
Fig. 2-9 e). The result is known as a steel-core or hard-core bullet, the nomencla-
ture varying from one country to another. Newer types of bullet use tungsten or
tungsten-alloy cores. These include the Nammo AP-8 Armour Piercing bullet
(Sweden) and the RUAG Ammotec Styx (Switzerland), both of which are avail-
able in a number of calibres.

Opportunities for live firing during training are steadily dwindling and short-
range bullets have been developed in response. These bullets follow approxi-
mately the same trajectory over short ranges (50—100 m) as normal bullets, but
have a much shorter maximum range, making it possible to reduce danger zones
considerably. This type of ammunition generally uses very light plastic bullets,
which are fired at very high muzzle velocities and therefore undergo rapid decel-
eration.

There is a trend towards using larger calibres in sniper rifles in order to achieve
longer ranges and greater effect, with a number of armies introducing 338 Lapua
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Fig. 2-22. Sizes of military cartridges:

a. 5.56 mm NATO (5.56 x 45, 223 Rem.),

b.7.62 mm NATO (7.62 x 51, 308 Win.),

¢. 338 Lapua Magnum (8.4 x 69),

d. 50 Browning (12.7 x 99) with solid brass
A-Max bullet.

The second number of the metric

designation is the case length in mm.

I
I i
Il!!!!
a b c d

Magnum (8.4 x 69) and 50 Browning (12.7 % 99) sniper rifles. Fig. 2-22 shows
the corresponding cartridges in comparison with standard military ammunition.

Hunting ammunition. Unlike military ammunition, hunting ammunition is de-
signed for single-shot shooting. There is no risk of barrel temperatures rising sig-
nificantly during hunting, so there is no danger of a cartridge cooking off. Fur-
thermore, hunting rifles are not expected to fire thousands of rounds. As a result,
hunting cartridges can produce higher muzzle energies. This is apparent when one
sees the relatively large cases (compare the hunting cartridges in Fig. 2-23 a, in
military 308 Win. calibre, with the 7 x 64 und 7 mm Rem. Mag. hunting car-
tridges in Fig. 2-23 b-d). Depending on range and purpose, the aim is either to
achieve very high muzzle velocities (up to 1150 m/s) using light bullets or else to
achieve good penetration at long range (in the case of big game). Ballistic data for
the common hunting calibres are given in Annex A.4.

These bullets are required to be highly effective when they hit the animal, so a
wide range of bullets is produced. In addition to the conventional semi-jacketed
and hollow-tip bullets, examples include the RUAG Ammotec partition bullet
(Germany, formerly DNAG) (see Figs. 2-23 d and 2-24 ¢) and the Brenneke Tor-
pedo (see Fig. 2-24 g, Torpedo-Universal, TUG). The newer designs are not in
fact jacketed bullets; they consist of an H-shaped body made of copper or a cop-
per alloy, which divides the bullet into two parts. Depending on the design, either
both parts are filled with lead (Winchester Partition Gold, Fig. 2-24 1), or just the
front part (Hirtenberger ABC and Nammo Forex, Figs 2-24 b and c) or just the
rear part (Winchester Fail-Safe, Fig. 2-24 d). The principle is the same as that of a
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Fig. 2-23. Hunting

cartridges and

bullets:

a. 308 Win. with
Brenneke TAG,

b.7 x 64 with
Hirtenberger
ABC,

¢. 7mm Rem. Mag.
with RWS
conical spitzer
bullet,

d.7 x 64 with RWS
partition bullet.

. Same scale as
- Figs. 2-20 and 2-21.
a b

conventional hunting bullet; the front part provides the deformation, while the rear
section ensures that the bullet retains sufficient residual mass and passes through
the animal.

Many new bullets use no lead at all, for environmental reasons. These bullets
generally consist of pure copper or copper alloy (MEN bevel bullet, Brenneke
TAG, Fig. 2-24 a, Barnes Triple-Shock or the non-deforming Impala).

c d

Shotgun ammunition. A shotgun generally has a smooth bore. It is therefore un-
able to impart spin to a projectile. As a result, shotgun projectiles have to be capa-
ble of stable flight without spin. The most common form of shotgun cartridge
contains balls made of hardened lead (lead with antimony or arsenic added) or
soft iron. The number of balls ranges from single figures to several hundred, de-
pending on their diameter (see Fig. 2-25 a). On leaving the muzzle, the shot sheaf
expands and lengthens. This can be controlled by incorporating a choke into the
muzzle design. The purpose is to increase the chances of a hit, with the character-
istics of the choke reflecting the nature of the target.

JILILL

Fig. 2-24. Types of hunting bullet: a. Brenneke TAG (Turbo-Alternativ-Geschoss, see also

Fig. 2-23 a), b. Hirtenberger ABC (see also Fig. 2-23 b) ¢. Nammo Forex, d. Winchester Fail Safe,
e. RUAG (RWS) partition bullet (see also Fig. 2-23 d), f. Winchester Partition Gold, g. Brenneke
TUG (Turbo-Universal-Geschoss); Geschoss = bullet.
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Fig. 2-25. Shotgun cartridges:

a. Shotgun cartridges and shot in
plastic cup,

b. Shotgun cartridge with Brenneke
slug (older type with felt wad, see
also Fig. 2-26 b).

Older shotgun cartridges used a felt wad between the shot and the powder, both
to prevent gas passing between the pellets and to ensure that the entire load accel-
erated homogenously. Newer designs include a plastic cup (see Fig.2-25 a),
which also prevents the outer pellets from rubbing against the barrel. Please see
Annex A.9 for typical pellet dimensions and the primary roles of each.

The slug was developed in order to obtain the advantages of a single, heavy
projectile when using a shotgun. Slugs are usually made of copper alloys or lead
alloys and weigh between 20 g and 32 g, depending on calibre. A number of de-
signs have emerged in recent years (see Fig. 2-26). In Europe, the best-known
slug is produced by Brenneke (see Fig. 2-25 b).

The diagonal ribs on the Brenneke slug are not intended to impart spin to the projectile but act as a
deformation zone when using a choked barrel. The diagonal arrangement of the ribs allows them
to be crushed more easily.

No manufacturer has found a fully satisfactory way of stabilizing these projectiles
in the absence of spin, and their effective range is similar to that of a shot sheaf.
The newest slugs allow a good degree of accuracy out to 100 m, but these slugs
(such as the Brenneke Super Sabot, Fig. 2-26), do require a slight degree of spin.
As a result, shotguns with rifled barrels are now available.

L3 NTY

a b

Fig. 2-26. Shotgun slugs: a. Brenneke FLG with plastic sabot, 20 bore, b. Same as a., 12 bore,

c. Balle Blondeau slug, d. Winchester Foster, e. Brenneke Super Sabot, f. Remington Copper Solid,
g. Sauvestre Balle Fleche (sub-calibre) Slugs e, f and g are fired using a sabot that separates from
the slug on leaving the barrel.
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In principle, a shotgun with a rifled barrel is a contradiction in terms, as the term “shotgun” im-
plies a smooth bore. Strictly speaking, a shotgun with a rifled barrel is a rifle, of which the calibre,
maximum gas pressure and chamber correspond to that of a shotgun.

The use of shotguns in military roles has led to the development of special types
of ammunition, although these are not yet in widespread use. Here again, fin-sta-
bilized projectiles (flechettes) are used, and the smooth barrel of a shotgun is ide-
ally suitable for this type of projectile. Projectiles are also under development that
comprise seven flechettes held together by a sabot, and designs incorporating a
single flechette would also be possible.

Another, typically military projectile proposed for shotguns is based on the
principle of the hollow charge.

A hollow charge consists of explosive with a conical hollow in the tip. This is covered with a layer
of tough metal (generally copper). On detonation, the copper becomes a very long, thin projectile,
moving at high speed.

These projectiles are designed to penetrate hard materials, and are perfectly capa-
ble of penetrating 60 mm of high-tensile steel.

Because they use cardboard or plastic cartridge cases, shotguns are only de-
signed for relatively low gas pressures (650 bar to 1050 bar). As a result, one can-
not expect to achieve high muzzle velocities. Furthermore, shot and slugs deceler-
ate rapidly on leaving the barrel, causing shot to spread and slugs to deviate from
the point of aim. The maximum practical range of a shotgun is therefore limited —
approx. 30 m to 50 m.

The practical range of military shotgun ammunition is greater than that of
hunting ammunition. There are two reasons for this. First, the weapons are
proofed for higher gas pressures (the cartridge cases are made entirely out of
brass), and can therefore achieve higher muzzle energies. Second, the design of
the projectiles enables them to achieve stable flight, and hence to retain a higher
percentage of their initial energy. An effective range of 150 m is possible, the
limit being set primarily by spread.

Sub-calibre ammunition and flechettes. Flatter trajectories and shorter flight
times demand higher muzzle velocities, and lighter projectiles offer a simple way
of achieving these aims. The disadvantages — in exterior ballistics terms — of using
a lighter bullet can be mitigated by reducing the cross-sectional area, resulting in a
bullet with a diameter smaller than that of the bore. The bullet is mounted in a
sabot, which is also responsible for providing spin (see Fig. 2-27), and the process
of separating the bullet from the sabot after they leave the barrel has a decisive
effect on spread.

It is possible to further increase the ratio of mass to cross-sectional area by us-
ing fin-stabilized flechettes. These too must be guided along the barrel using a
sabot, although in this instance it must not impart spin. Here again, it is important
that projectile and sabot separate cleanly, without disturbing the flight of the pro-
jectile. Muzzle velocities for this type of projectile are very high — in excess of
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Fig. 2-27. 7.62 x 33
L cartridge with sub-calibre
= spin-stabilized projectile.

Fig. 2-28. 5.56 x 45 cartridge with
flechette, lefi: cross-section, above:
flechette, with and without sabot.

1400 m/s. See Fig. 2-28 for an example. This type of projectile has not entered
widespread use as yet.

Trends. Cartridge ammunition has been in use for over 100 years. In that time
there have been a number of trends, with the resulting products either establishing
themselves on the market or remaining at the experimental stage. At the end of the
20th Century, for instance, various types of caseless ammunition were developed,
together with the weapons to fire them. These included the military 4.73 mm
G 11, the 9 mm AUPO for handguns and the 5.7 mm and 6 mm UCC for hunting
rifles. However, none of these became truly successful.

One type of ammunition that is currently highly popular, at least in Europe, is
lead-free ammunition, generally using copper or copper-alloy bullets. Examples
include the RUAG Action, the MEN QD P.E.P. for handguns, the Brenneke TAG,
the Impala, the MEN bevel bullet and steel shot for hunting.

For hunting ammunition, there is a trend towards short cartridges (e.g. the
300 WSM and the 6 mm Norma BR, see Fig. 2-29 a), which have certain advan-
tages in terms of ballistics. In the military sphere, there is a trend towards larger-
calibre ammunition for assault rifles (e.g. the 6.8 mm Rem. SPC) and smaller
cartridges for PDW (personal defence weapons) such as the FN 5.7 x 28 (see

Fig. 2-29. Recent developments:

a. 6 mm Norma BR for target shooting,
b. 5.7 x 28 cartridge for the FN P90,

a b c c. 4.6 x 30 cartridge for the HK MP-7.
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Fig. 2-29 b) and the 4.6 x 30 produced by Heckler & Koch and by RUAG (see
Fig. 2-29 c). Pistols have also been developed for these two calibres.

2.2.2.3 Blank and irritant rounds.

General. Cases do arise in wound ballistics in which blank cartridges have been
used. Blank cartridges, or “blanks”, consist of a cartridge case, propellant and
primer. Unlike normal ammunition, blank cartridges do not include a projectile,
though in certain instances a projectile may be loaded separately.

Artillery guns often use ammunition consisting of a propellant charge and a separate projectile.
This makes it possible to choose the charge when loading, and hence to adjust the range.
Muzzle-loaders also used a separate bullet and propellant charge, although the two were often
carried together in a paper cartridge (see for instance the cartridges from the period 1856 to 1863
in Fig. 7-1).
As far as the weapons of interest to us are concerned, blank cartridges are most
often to be found in alarm pistols. Such weapons are in fairly widespread use, es-
pecially in Germany. For legal reasons, they must be built in such a fashion that it
is impossible to load a projectile via the muzzle.
For a comprehensive treatment of blank cartridges and irritant rounds, please
see ROTHSCHILD (1999).

Calibre and design. Alarm pistols are so designed as to imitate real pistols or
revolvers, and blank ammunition is produced for both. Blank cartridges for re-
volvers are rimmed, whereas blank pistol cartridges are generally rimless, as in
the case of ammunition for the corresponding real firearms (see Fig. 2-30). There
are four calibre groups, with designations based on cartridge case diameter:

— 22 long and 6 mm Flobert, both rimmed, case diameter approx. 5.7 mm;

— 315, 8 mm und 320 short, case diameter 8 mm;

35, 35R, 9mm PA and 380 R (9 mm R), case diameter approx. 9.6 mm
(corresponds to 9 mm short);

45 R, case diameter 12 mm.

The official designation used by the C.I.P. (Commission Internationale Permanente pour I’Epreuve
des Armes a Feu portatives, Permanent International Commission for the Proof of Small-arms)

\ ,) S i
Fig. 2-30. Blank cartridges:

b a. 45 R, rimmed, crimped,
b. 9 mm PA, rimless, plastic seal.
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adds the word “blanc,” i.e. blank (e.g. 380 short blank). In the German-speaking world, however,
the cartridge designation generally makes no explicit mention of “blank.”

There are two systems for sealing blank cartridges. In the case of the 22 long,
6 mm Flobert, 320 short, 380 R and 45 R, the mouth of the brass or copper case is
crimped shut (Fig. 2-30 a). Other cases are closed off by a plastic disc, scored in
such a way as to fragment on firing. The disc must be so designed that no solid
fragments emerge from the muzzle. See Fig. 2-30 b.

The effects of blank cartridges in terms of blast and gas jet depend not only on
the calibre but also on the design of the weapon.

Types of ammunition. In addition to blank cartridges, which contain only pro-
pellant, there are also irritant rounds, which contain both a propellant and an irri-
tant, in powder form. The irritants used are either CN (Chloracetophenone) or CS
(2-chlorobenzalmalononitrile in crystalline form, or Capsaicin.

2.2.2.4 Fragmenting ammunition

General. The role of ammunition is to achieve a specific destructive effect on a
target at a distance. Two packages of energy are required: one to transport the
projectile to its target and one to achieve the effect. The small arms ammunition
described so far combines the two, with all the energy required being produced in
the weapon and the projectile carrying the destructive energy to the target in the
form of kinetic energy.

Work must be performed along the path to the target to overcome air resistance (drag), and kinetic
energy is taken from the projectile to achieve this. The projectile must therefore be given enough
energy on firing to both reach the target and achieve the required effect.

In the case of fragmentation munitions, however, the two packages of energy are
created separately. As a result, the transport energy can be adapted to the range
required without altering effectiveness.

For short ranges, e.g. in the case of a hand grenade, human energy is sufficient. The range of mor-
tars and artillery guns can be adjusted over a wide spectrum by adapting the charge — and hence
the initial velocity — to the range required.

The energy needed to achieve the effect on the target is transported by the projec-
tile as chemical energy, generally in the form of a high explosive. This energy is
converted into pressure (via combustion or detonation) in the vicinity of the tar-
get, and it is this pressure that creates and accelerates the fragments. These frag-
ments may be compared to bullets, in that the kinetic energy imparted is used to
get them to the target and to achieve the effect.

Structure and nomenclature. The overall structure of fragmentation munitions is
similar to that of small arms ammunition (see Fig. 2-31). Like small arms ammu-
nition, fragmentation shells have a projectile (the fragment), a propellant (the high
explosive) and a firing device (the fuse and the booster).
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A
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3 High explosive
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Fig. 2-31. Schematic of an
artillery shell.

The casing of a fragmentation shell
both provides the fragments and contains
the high explosive. A fuse is built into
either the tip or the base of the projectile,
depending on the role of the shell. The
purpose of the fuse is to detonate the ex-
plosive at the appropriate moment.

The body of the shell or grenade is
generally made of steel. In order to pro-
duce fragments of regular shape, it is of-
ten prefragmented to a geometric pattern
on the inside or outside. In some cases,
the fragments are prefabricated and em-
bedded in a substrate such as plastic or
aluminium (see Fig. 2-32). These prefab-
ricated fragments generally consist of
balls or cubes made of steel or tungsten.
Such munitions are also classed as pre-
fragmented shells.

Tungsten is often used for the fragments, as its high density yields heavy fragments with lower air

resistance.

As the fuse has the task of detonating the high explosive when the shell arrives in
the vicinity of the target, there has to be some way of determining when that is.
There are many ways of achieving this, using mechanical or electronic means.
The simplest device is the impact fuse, which detonates on impact with the
ground. However, if the shell detonates on impact, a large percentage of the frag-
ments ends up in the ground, so the shell is often detonated a few metres above

the ground.

Time-delay
fuze
HE-filling
Prefragmented
body

6-8cm

Fig. 2-32. Structure of a hand grenade.
Delayed detonation is achieved by means
of a pyrotechnic charge with a predefined
burning rate.

In the past, attempts were made to achieve this
using time fuses, which involved setting the time
of flight before firing. However, the wide dispar-
ity in times of flight led to considerable scatter in
the height at which the shell detonated. The mod-
ern approach is to use electronic proximity fuses,
which measure the distance from the ground and
detonate at a predetermined height.

If it is not possible to predict the orienta-
tion of a device on impact (as is the case
with hand grenades, for instance) they
are fitted with pyrotechnic time fuses.
Pipe bombs are often used in civilian
contexts (i.e. in terror attacks). A pipe
bomb consists of a length of gas or water
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0.0250.04 0.04-0.065 0.065-0.1 0.1-0.15g

0.15-0.25 02504 0.4-065 0.65-1.0 1015 1525 2540 4065 1015 15259

Fig. 2-33. Fragments from a single pipe bomb, 20 cm in length. This is an example of an
improvised explosive device, or IED. Top right: the device before detonation.

pipe filled with a high explosive and equipped with a detonator. These simple
devices can be very effective, as the fragments from a 20 cm bomb illustrate (see
Fig. 2-33).

2.2.3 Weapons

2.2.3.1 Firearm design and typology

Components. Every firearm consists of certain components, the actual design of
which may vary considerably depending on the type of weapon and the individual
model. The components are:

— barrel and chamber;
— bolt, locking mechanism and cartridge feed;

— firing mechanism and safety device.

In dividing firearms into categories, we consider both their role and the charac-
teristics of these components.

Barrel. The barrel is the central element of a firearm, providing the path over
which the bullet accelerates. At the rear of the barrel we find the chamber, a wid-
ening of the barrel in the form of the cartridge to be used. Because the chamber
matches the shape of the cartridge, a weapon is usually designed for one specific
cartridge type.

There are two basic types of barrel. Spherical projectiles (and, more recently,
flechettes) are generally fired from a smooth-bore barrel. Long projectiles without
fins must be made to spin around their longitudinal axis in order to achieve stabil-
ity in flight (see 2.3.5). This is achieved by incorporating spiral grooves into the
barrel, which guide the bullet and impart the required spin (see Fig. 2-34). This
type of barrel is described as rifled. The raised areas of metal between the grooves
are referred to as /lands. The internal diameter of the barrel — measured between
the lands in the case of a rifled barrel — is the calibre. The measured calibre of the
bore is often not identical to the nominal calibre used to identify the weapon.
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Fig. 2-34. Barrels (in cross-section). Left: Smooth-bore (shotgun) barrel. Right: Rifled (rifle)
barrel. The lands and grooves are shown in exaggerated form.

The distance that a bullet moves along the barrel as it makes one full rotation is
the twist length and is a key characteristic of a rifled barrel. Instead of the twist
length, one can specify the helix angle of the grooves, known as the angle of twist.
The relationship between twist length A, calibre k und angle of twist I" is given

by:
2.2:1) r = arctan”T.k. [°]

The speed of rotation of the bullet v is determined by the twist length and the
muzzle velocity v:

(2.2:2) v = —. [1/s]

Often — especially on military weapons — the muzzle is fitted with a muzzle brake,
a device that disperses the combustion gases that follow the bullet out of the muz-
zle (see Fig. 2-35). Depending on the design of the muzzle brake, it may serve
either or both of two purposes: to reduce recoil and the upwards deflection of the
barrel and/or to prevent secondary flash (see 2.3.3.2).

Bolt or breech block. The combustion gases generated when the weapon is fired
act in all directions. To prevent the cartridge case from moving in the opposite
direction to the bullet (owing to the law of conservation of momentum), the car-
tridge must be held firmly in place. This is the job of the bolt or breech block. In
the closed position, this device seals off the chamber from behind. In the open
position, it must ensure that the cartridge loads reliably and that the spent case is
removed after firing. It also houses those parts of the firing mechanism (firing pin,
etc.) that must be able to reach the head of the cartridge. It is generally closed

Fig. 2-35. Muzzle brake on a
sniper rifle (Sauer 2000). The
angled slot reduces the upwards
deflection of the muzzle on
firing.
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when the weapon is ready to fire, except in the case of weapons that operate at
relatively low gas pressures. There are many different bolts, breech blocks and
locking mechanisms. The most important are as follows:

— Break action. Most often found on single- and double-barrel shotguns, but
also used in single-shot pistols.

— Bolt action or cylinder lock. The breech block moves in a straight line along
the axis of the barrel, in a lock-box. The action is generally locked by a ro-
tating movement, for instance by lugs on the breech block engaging with
corresponding slots. Weapons designed for low-energy cartridges (e.g. 22 L.R.)
often use the blowback system, and have no locking mechanism at all.

— Falling block. The breech block moves vertically in the receiver, behind the
chamber. This system is found mainly on single-barrelled hunting rifles with
fixed barrels.

The action can be operated by hand or automatically. In the case of automatic op-
eration, the energy required is obtained either from the recoil (in the case of a
blowback operated weapon) or from the combustion gases (in the case of a gas
operated weapon). On a gas operated weapon, some of the combustion gas is di-
verted onto the head of a piston via an aperture, the gas port. The piston operates a
mechanism that unlocks the breech block and forces it back. The breech block
therefore remains locked in the closed position until the gas has passed the gas
port. A blowback operated weapon uses momentum. To ensure that the gas pres-
sure acts on the bullet for as long as possible, the weapon is so designed that there
is a certain delay before the breech opens.

The action of a weapon falls into one of two categories with respect to the se-
quence of movements. On a weapon that “fires from an open bolt,” the breech
block is to the rear when the weapon is ready to fire. When the trigger is pulled,
the breech block flies forward, picking up a cartridge from the magazine as it does
so, and a fixed firing pin fires the cartridge as soon as it is seated in the chamber.
The recoil from the cartridge the forces the breech block back to its initial posi-
tion. On a weapon that “fires from a closed bolt,” however, the breech block is
closed when the weapon is ready to fire. Squeezing the trigger causes a floating
firing pin to strike primer, firing the cartridge. The breechblock is forced to the
rear, ejects the spent case and flies forward again, sliding a new cartridge into the
chamber. This means that when a weapon that fires from a closed bolt is ready to
fire there is a cartridge in the chamber, whereas in the case of a weapon that fires
from an open bolt the chamber is empty when the weapon is ready to fire, thus
avoiding all risk of a cartridge cooking off.

Firing mechanism and safety devices. Every weapon needs a mean whereby the
user can fire a round at the moment chosen. This is the firing mechanism, and is
generally linked closely with the bolt or breech block. Its main components are
the firing pin, striker (or hammer), main spring, trigger bar, trigger and trigger
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spring. The main spring supplies the energy required to detonate the cartridge and
is generally compressed by the cocking action.

To prevent the weapon going off unintentionally, one or more safety devices
are incorporated. First, every trigger has a certain resistance (10 N to 40 N), which
prevents it being operated too easily. To allow the weapon to be fired without op-
eration of the trigger affecting accuracy, the double set trigger was introduced,
whereby one action sets the trigger and a second one fires the weapon, the second
action requiring a pull of only a few decinewton (dN).

Most safety devices stop the trigger from operating the firing mechanism at
some point within the mechanism. The closer to the cartridge that happens, the
more reliable the safety device; so modern weapons often use hammer/striker or
firing pin safety devices.

Weapon names and categories. Fircarms are generally categorized according to
their design and the way they are operated:

— One-handed versus two-handed operation.

Weapons designed to be fired with one hand are generally known as hand-
guns. Weapons designed to be fired with two hands are known as long
weapons.

— Single-shot, repeater, semi-automatic or automatic.

Weapons that must be loaded before each shot are called single-shot weap-
ons. If a weapon has a magazine, from which a cartridge can be loaded by a
simple hand movement (cocking action), it is known as a repeater. If the
weapon cocks automatically after each shot, but only fires one shot each
time the trigger is pulled, it is described as semi-automatic, self-loading or
autoloading. If it is possible to fire more than one shot by pulling the trigger
just once, the weapon is said to be automatic or fully automatic.

— Long weapons are further categorized according to whether the bore is
smooth or rifled.

A weapon with a smooth bore is known as a shotgun, while a weapon with a
rifled bore is called a rifle.

— Handguns are categorized according to their design.

If the barrel and chamber are fixed together, the weapon is a pistol. A hand-
gun with a number of chambers in a revolving cylinder mounted behind the
barrel is designated a revolver.

In many cases, more than one of these terms may apply to the same weapon. For
instance, both shotguns and rifles can be single-shot or self-loading. Most pistols
are semi-automatic, but there is no such thing as a semi-automatic revolver. A
fully automatic pistol is known as a submachine gun.

“Shotguns” with rifled barrels have appeared in recent years, designed to fire
slugs with a higher degree of accuracy. However, according to the generally ac-
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Fig. 2-36. Typical revolvers:
a. Smith & Wesson, 357 Mag.,
b. Astra, 22 L.R.

cepted criteria above, such a weapon is a rifle, of which the calibre, maximum gas
pressure and chamber correspond to that of a shotgun.

2.2.3.2 Handguns

Revolvers. Revolvers (see Fig. 2-36) are inherently single-shot weapons. The
hammer, which strikes the firing pin every time the trigger is pulled, has to be
cocked after every shot. A revolver of which the hammer can only be cocked by
pulling it back manually is known as a single action (SA) revolver. If the hammer
can also be cocked by the action of the trigger, the weapon is known as a double-
action (DA) revolver. The action of cocking the hammer rotates the cylinder by
one chamber, placing the cartridge that was previously to the left or right of the

Fig. 2-37. a. Same (6-shot) weapon as in Fig. 2-36 a, with cylinder swung out, b. Same (9-shot)
weapon as in Fig. 2-36 b, with cylinder swung out.
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Fig. 2-38. Typical large-calibre
pistol (9 mm Luger):

SIG-Sauer P 228, muzzle energy
approx. 500 J.

Fig. 2-39. Typical small-calibre pistol
(7.65 Browning): Walther PPK, Manurhin
licence. Muzzle energy approx. 220 J.

barrel in position to be fired. The direction of rotation varies according to the
model.

The cylinder generally holds five to six cartridges, depending on the size of the
weapon and of the cartridge. The cylinders of weapons designed for 22 calibre
ammunition (22 L.R. or 22 Mag.) often hold nine cartridges or more. On most
modern revolvers, the cylinder swings out to the side for loading (see Fig. 2-37).
However, certain revolvers have a special loading position or use a break action.

Pistols. With the exception of a small number of single-shot and two-shot designs,
pistols are generally semi-automatic and capable of firing several shots. The car-
tridges are stored in a magazine, which usually slides into the grip. The current
trend is towards more compact pistols, but with greater magazine capacity even in
the case of larger calibres. There are already surprisingly small pistols available
with 12- or 16-round magazines (see Fig. 2-38). To ensure that the user is ready to
fire the first shot as rapidly as possible, double-action (DA) or, more rarely, dou-
ble-action only (DAO) has become most popular. The hammer of a DA pistol
only has to be cocked by the trigger before the first shot, while the hammer of a
double-action-only weapon is cocked by the trigger before every shot.

Pistols designed for low-power cartridges (with a muzzle momentum of less
than approx. 2 N-s; see Fig. 2-39) generally have an unlocked blow-back system,
with the breech block simply held against the chamber by the spring. On a pistol
with a higher muzzle momentum the breech block has to be locked, as for a rifle.

Most single-shot pistols are made for target shooting, where accuracy is par-
ticularly important; an automatic loading mechanism, however well made, will
reduce the accuracy of the weapon. Where possible, such mechanisms are avoided
in competition pistols.
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Fig. 2-40. Typical submachine
gun (Uzi, 9 mm Luger).

Submachine guns. Submachine guns are automatic weapons that fire pistol am-
munition. Most are 9 mm Luger, although a few fire 45 Auto. They are generally
very simple in design, using a blowback mechanism firing from the open bolt and
no locking system. In many cases, they are incapable of firing single-shot.
Famous examples of submachine guns include the Thompson (45 Auto), the
British Sten Gun and the Israeli Uzi (see Fig. 2-40). The Sten and the Uzi both fire
9 mm Luger.

The capacity of a submachine gun depends on the type of magazine, which is
normally 30 to 50 rounds, though drum magazines may hold up to 100. The rate
of fire lies between 600 and 800 rounds per minute. Submachine guns are not
usually used for aimed shots, and the sights are correspondingly basic.

2.2.3.3 Long weapons

Military rifles. The majority of rifles used by armies today are automatic. They
are known as assault rifles and form part of the soldier’s personal weaponry.
While older models may well be blowback operated, virtually all modern assault
rifles are gas operated. They have magazines holding 20 to 30 cartridges and can
fire single-shot, fully automatic and, in many cases, in bursts of three rounds.

Some types of assault rifle have become popular the world over. Probably the
most frequently encountered military weapon in the world is the Russian
7.62 x 39 AK-47, designed by M. T. KALASHNIKOV and introduced in 1947 (see
Fig. 2-41 a). Almost 100 million of these weapons have been produced, and ar-
mies that use this weapon as standard include those of the former Warsaw Pact
and a number of eastern countries. A 5.45 x 39 successor was introduced in 1974,
the AK-74 (see Fig. 2-41 b).

After the Second World War, Western forces initially standardized on the
commercial 308 Win. calibre, designated 7.62 mm NATO, with several assault
rifles being designed for this ammunition. The American M14, German G 3 and
Belgian FAL were all in fairly widespread use. Fig. 2-42 a shows a modern as-
sault rifle produced by SIG. In the 1960s, the US Army introduced a new,
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Fig. 2-41. Typical military

weapons of eastern origin:

a.7.62 x 39 AK-47,
(Kalashnikov)

b.5.45 x 39 AK-74,
(Kalashnikov).

smaller-calibre rifle, which was produced in large numbers. This was the M16,
chambered for 5.56 x 45 (223 Rem.). The M16 was designed by Armalite but
manufactured by a number of different companies and initially fired the M193
cartridge. This rifle formed the basis for several new rifle and cartridge designs in
a number of western countries. In time, this led to the emergence of a new NATO
standard 5.56 x 45 round, designated 5.56 mm NATO, based on the SS 109 car-
tridge produced by Belgian manufacturer FN. The SS 109 uses a different bullet
from the 223 Rem., with a much shorter twist length (178 mm instead of
305 mm). This new version of the M16 (see Fig. 2-42 b) was designated M16A4
and the US designation for the corresponding cartridge is M855. The Israeli Galil
also became very well known, and is available in all the western calibres men-
tioned above.

To enhance accuracy, sniper rifles (see Fig. 2-43) are generally repeater, al-
though semi-automatic sniper rifles do exist. They are equipped with optical
sights for day and night use. Because of the range required in a military role,

Fig. 2-42. Typical military

weapons of western origin:

a. 7.62 mm NATO SG 542
(SIG-Manurhin),

b.5.56 x 45 M16A4 Bush-
master.
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Fig. 2-43.  SIG SG 550
semi-automatic sniper rifle,
5.56 x 45 (223 Rem.).

western countries’ sniper rifles are designed for 7.62 mm NATO, 338 Lapua
Magnum or 12.7 X 99 (50 Browning). Eastern countries use 7.62 x 54 R for the
same reason, although there is a trend towards larger calibres (up to 14.5 mm). At
shorter ranges, as required by police sharpshooters in urban contexts, 5.56 x 45 is
sometimes used.

Most recently, armed forces have been adopting autoloading and automatic
shotguns. These are generally chambered in 18.5 x 59 (more usually known as
12/70, see “Hunting weapons” below) and are usually designed to deliver higher
performance than hunting shotguns of the same calibre. Nevertheless, their use
remains limited to the shorter ranges encountered in rough country or in heavily
built-up areas.

Machine guns. Machine guns are automatic weapons designed to fire large quan-
tities of ammunition. As a result, their design differs from that of assault rifles
(see Fig. 2-44). It is difficult to feed large numbers of rounds from a magazine, so
most machine guns use belted ammunition, with each belt holding up to 250
rounds. A heavy, stable tripod is required to maintain stability during sustained
fire. As overheating of the barrel is a problem when the weapon is used for long
periods, machine guns often have interchangeable barrels or cooling systems (air
or water).

These weapons are generally used at longer ranges and therefore tend to be
chambered in larger calibres (7.62 mm to 12.7 mm).

Hunting rifles and shotguns. Most hunting rifles and shotguns are single-shot.
As hunters often wish to be able to use more than one type of ammunition, de-
signs with two to four barrels of differing calibres have become popular. A
weapon with two smooth-bore barrels is known as a double-barrelled shotgun,
while a weapon with two rifled bores is called a double rifle. A weapon with one
rifled barrel and one smooth barrel is known as a rifle-shotgun. If the barrels are
arranged one above the other (see Fig. 2-45 a) the weapon is referred to as a su-

Fig. 2-44. Machine gun
on tripod (SIG 710-3,
7.62 mm NATO).
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Fig. 2-45. Typical hunting

weapons:

a. Superposed rifle-shotgun,

b. Drilling, with two shotgun
barrels and one rifled
barrel.

perposed rifle-shotgun. A weapon with three barrels is called a drilling (also the
German word for “triplet”). See Fig. 2-45 b.

The naming convention for shotgun calibres has a historical basis. The “bore”
number is determined by the weight, in fractions of a pound, of a solid sphere of
lead with a diameter equal to the inside diameter of the barrel. The greater the
bore diameter, the smaller the number. The nominal inside diameter of a shotgun
barrel can be calculated using the following formula:

(2.2:3) d = 42.431.3/%. [mm]
S

where ks is the pellet diameter and d the nominal inside diameter of the barrel.
Please see Annex A.9 for tables of common shotgun ammunition dimensions. A
second number is used to indicate the length of the chamber and hence the maxi-
mum length of cartridge that can be used. This figure is given in mm in mainland
Europe and in inches in the English-speaking world, the 12/70 (12/2%/,") being
one of the most common.

Competition weapons. Effect on the target and a flat trajectory are of secondary
importance in weapons designed exclusively for competition shooting. What is
required is that spread be minimized. This is achieved by manufacturing the rele-
vant parts of the weapon to a high degree of precision. Competition weapons are
therefore single-shot or repeating weapons, with the exception of those used for
rapid-fire competitions. The stock, butt and grips can be modified to suit the user
and ensure a comfortable shooting position.

Typical competition weapons include match rifles, while in southern Germany,
Austria and Switzerland, a type of short rifle known as a stutzen or stutzer is also
popular. At short ranges (i.e. up to 50 m) competitors use 22 L.R. At longer
ranges (300 m), rifle calibres such as 6 mm Norma BR or 308 Win. are popular,
as these are less sensitive to crosswinds than 223 Rem., for instance. Special shot-
guns are available for clay pigeon shooting and similar competitions.
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2.2.3.4 Alarm pistols and revolvers

Alarm pistols and revolvers are generally replicas of real weapons. Their mode of
operation is based on that of the weapons they imitate. Alarm pistols are therefore
semi-automatic weapons, with a manual cocking action required for the first
round only. Both single-action and double-action revolvers are available. To pre-
vent the weapon being made capable of firing real ammunition, the barrel must be
fixed to the receiver or grip and must incorporate hardened metal baffles, both to
prevent its being drilled out to a normal calibre and to prevent a muzzle-loaded
projectile accelerating to a dangerous velocity (see ROTHSCHILD 1999).

When a blank cartridge is fired, gas can leave the muzzle at velocities of over
3000 m/s (see 4.2.3.4). Barrel length has an influence on the velocity of the gas jet
and hence on the danger that it poses.

2.3 Ballistics

2.3.1 Definitions

The word ballistics comes from Greek, and means the study of objects that are
thrown and of their trajectories. As firearms became more common, the term
came to mean all processes related to the motion of a bullet. Four sub-areas have
developed:

— Interior ballistics is the study of the acceleration of the bullet in the weapon
and the related processes.

— Intermediate ballistics is the study of the process by which the bullet leaves
the muzzle, and how this is influenced by the weapon and by combustion
gases.

— Exterior ballistics is the study of ballistics in the original sense of the term —
the path of the bullet through the air.

— Terminal ballistics is the study of the penetration of the target by the bullet,
the target generally being a material substantially denser than air.

Wound ballistics is a sub-domain of terminal ballistics, concerned primarily with
the penetration of a bullet into persons and animals, and the effects that result.

Sectional density is one of the most important physical quantities in all areas of
ballistics, and is defined as the ratio of mass to cross-sectional area A. The cross-
sectional area equates to that of the projection of the bullet onto a plane
perpendicular to the direction of movement. In the normal case, that of a bullet in
stable flight, we generally use the cross-sectional area of the calibre, which is
often slightly smaller than the cross-sectional area of the bullet itself:
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(2.3:1) q = — = — . [kg/m’]

A heavy, slender projectile (such as an arrow) therefore has a high sectional den-
sity, whereas a light projectile with a large cross-section has a low sectional den-
sity. For projectiles of similar geometry and design, q increases linearly with cali-
bre. For smaller calibres, q is generally measured in [g/mm?].
In most ballistic processes, it is the sectional density that plays the decisive
role, rather than the calibre or mass of the bullet.
Example: A 22 L.R. bullet weighing 2.6 g has a slightly higher sectional density than a 9 mm
Browning bullet weighing 6.1 g. As a result, it is deflected slightly less by crosswinds.

The effect of the crosswind depends not on the mass of the bullet but on its sectional
density.

2.3.2 Interior ballistics

2.3.2.1 General

Interior ballistics starts when the firing pin hits the primer and ends when the bul-
let leaves the barrel. This field of study is of only peripheral relevance to wound
ballistics. However, when a shot is fired at short range or with the muzzle in con-
tact with the body, interior ballistics does play a decisive role in wounding and in
the visible characteristics of the wound. A knowledge of interior ballistics is
therefore of value in the field of forensic ballistics when it is necessary to assess
gunshot residues, determine muzzle-target distances, etc.

2.3.2.2 Powder combustion

The main difference between combustion (or deflagration) and detonation lies in
the speed at which oxidation propagates. If this burning rate is of the order of
millimetres or centimetres per second, we speak of combustion or deflagration. A
burning rate of kilometres per second is classed as detonation. Normally, the
powder burns inside the weapon, but the burning rate is determined to a large de-
gree by pressure (see Table 2-10). This is known as the law of powder combus-
tion.

At any given moment, powder will burn perpendicular to its surface, at its cur-
rent burning rate. The quantity of gas produced, and hence the pressure devel-
oped, therefore depends on both the pressure itself and on the geometric form of
the powder particle. If the surface area of the powder reduces as it burns, the
powder is described as degressive. If the surface area increases, it is known as
progressive. If it remains constant, it is known as neutral. Ball powder and flake
powder (see Fig. 2-11, left) are therefore degressive powders. Tubular powder
(see Fig. 2-11, right) is neutral (if we ignore the ends of the tubes). Cylindrical
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Table 2-10. Burning rates

Propellant Pressure Burning rate
[bar] [mm/s]
Black powder 1 1.8
Nitrocellulose powder 1 0.06-0.09
Nitroglycerine powder 1 0.07-0.25
do 10 1.5
do 500 75
do 4000 600
Explosives [m/s]
Trinitrotoluene (TNT) 1 6900
Hexogen 1 8700

powder with seven holes (known as seven-hole powder) is progressive, as the sum
of the expanding surfaces burning from inside to outside is greater than the sum of
the reducing surfaces burning from outside to inside. The burning rate is often
modified by treating the surface with a retardant or accelerator.

The combustion properties of a powder depend not only on the pressure and on
the form of the particles but also on the vivacity of the powder. This is a constant
that governs the relationship between burning rate and pressure.

2.3.2.3 The firing sequence

The firing sequence is highly complex and takes place under extreme physical
conditions. High pressures and high temperatures are generated together, in a very
brief timeframe.

The process begins when the primer is ignited, the hot gases and flames par-
tially burning the surface of the powder. The bullet has a certain initial resistance,
causing the pressure in the cartridge case to rise rapidly, which ensures that the
entire surface of the powder ignites as evenly as possible. As a result, the bullet
only begins to move when the pressure exceeds a certain level, the shot start pres-
sure. As it does so, the volume available to the gas increases. From this point on,
increase in volume and the quantity of gas produced determine the change in gas
pressure, which reaches a maximum when the two are equal. Thereafter, pressure
drops until the bullet leaves the muzzle. The pressure remaining at this point (the
muzzle pressure) determines what happens at the muzzle. Fig. 2-46 a is a typical
curve of gas pressure over time. Fig. 2-46 b shows pressure plotted against the
distance that the bullet has moved and the velocity of the bullet.

Powder combustion must be regulated in such a fashion as to ensure that the
maximum gas pressure is not too high and the muzzle pressure as low as possible.
Combustion should have finished before the bullet leaves the muzzle. In addition,
it is generally desirable for muzzle velocity to be as high as possible. This means
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that a short barrel and a light bullet require degressive powder, whereas a long
barrel and a heavy bullet require progressive powder.

Heavy bullets accelerate more slowly, which means that the gas volume initially rises slowly. If
large amounts of gas are produced at the beginning of the process, maximum pressures will be
high. In the case of lighter bullets, the volume available to the gas will increase rapidly, which
means that large quantities of gas are required at an early stage. If the barrel is longer, the bullet
will remain in it for longer. This allows the production of gas to be delayed somewhat by compari-
son with short-barrelled weapons.

2.3.2.4 Interior ballistics calculations

Despite the exceptional complexity of interior ballistics processes, mathematical
models can be used to calculate the relevant physical data (maximum pressure,
barrel pressure as the bullet passes through the muzzle, muzzle velocity, time
from primer firing to muzzle exit, etc.) to a sufficient degree of precision. These
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calculations are based on the thermodynamic model of interior ballistics, which in
turn is based on the basic laws of physics (conservation of energy and equations
of motion) and on the law of powder combustion (see 2.3.2.2).

Factors of relevance to forensics and wound ballistics include the drop in muz-
zle velocity and increase in muzzle pressure that occur when a barrel is shortened,
as sometimes happens (see for instance GROSSE PERDEKAMP et al. 2006).

2.3.2.5 Energy balance

From an energy point of view, firearms are heat engines with a surprisingly high

degree of efficiency: 3040 %. The following types of energy are involved:
Kinetic energy

— The bullet’s flight energy and energy of rotation
— The energy of motion of the gases
— The recoil energy of the weapon

Thermal energy

— The heat transferred to the cartridge case and the weapon on firing
— Friction between the bullet and the bore
— The internal energy of the gases

Please see Table 2-11 for an example of the approximate percentages of each type
of energy in the case of a 308 Win. (7.62 mm NATO) cartridge.

2.3.3 Muzzle phenomena

2.3.3.1 Muzzle gas flow

Gases already escape from the muzzle before the bullet leaves the barrel. These
consist in part of the air column pushed out of the barrel by the bullet and in part

Table 2-11. Energy balance. 7.62 mm NATO (308 Win.)
vo=830m/s, m=9.5g, m.=3 g, Q. =3200J/g

Form of energy 7] [%]
Translational energy of the bullet 3270 34
Rotational energy of the bullet 9

Kinetic energy of the gases 1640 17
Recoil energy of the weapon 13

Thermal energy of the weapon approx. 1150 12
Residual energy approx. 3520 37

Total 9600 100
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Fig. 2-47. Shadowgraph image of a bullet leaving a barrel (exposure time approx. 1 ps). The
bullet has just left the muzzle and the combustion gases are flowing over it from behind. The dark
lines are shock waves, which are perceived as muzzle blast.

of combustion gases that escape past the bullet and overtake it, as the bullet does
not make a complete seal with the bore.

After the bullet has left the barrel, the gases are still under considerable pres-
sure (several hundred bar; see Table 2-12). They expand, accelerating rapidly.
Their velocity then exceeds that of the bullet and they flow past and around it. The
flow surrounding the bullet is not symmetrical, so in addition to imparting some
slight additional acceleration to the bullet, the flow subjects it to irregular lateral
forces, causing it to oscillate about its centre of gravity. This effect is particularly
marked in the case of long bullets and those with a long boattail. After a few tens
of centimetres the gases have slowed to the point at which the bullet overtakes
them again. Fig. 2-47 shows a shadowgraph of a pistol muzzle just after a bullet
has left it.

The information in 2.1.5 makes it possible to make a rough calculation of the
exhaust velocity and energy of the combustion gases, if required.

2.3.3.2 Flash

In addition to gases, flash is visible at the muzzle. This comes from two sources.
In the case of a short-barrelled weapon, the bullet often leaves the barrel before
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Table 2-12. Typical gas pressures at the muzzle

Calibre Barrel length v Muzzle pressure
[mm] [m/s] [bar]
9 mm Luger 120 350 155
38 Special 51 230 365
38 Special 102 265 160
44 Rem. Mag. 102 410 615
44 Rem. Mag. 152 440 350
5.56 x 45 mm (223 Rem.) 450 960 660
7.62 x 51 mm (308 Win.) 500 830 470

the gas has finished burning, and the burning powder carried by the gases causes
primary flash. Additionally, the gases following the bullet can ignite on contact
with the oxygen contained in the air. This is known as secondary flash and always
occurs a short distance in front of the muzzle.

2.3.4 Exterior ballistics

2.3.4.1 General; terms used

Terminal ballistics — and especially wound ballistics — is determined to a large
extent by the state of movement and orientation of the bullet at the time of impact.
The bullet’s state of movement is defined by its impact velocity and the speed at
which it is rotating about its longitudinal and lateral axes. Its orientation is defined
by its angle of attack and its angle of incidence.

The angle of attack is the angle between the direction in which the bullet’s
centre of gravity is moving and the target surface. The angle of incidence is the
angle between the direction of movement and the axis of the bullet (see Fig. 2-48).

However, these values are not immediately accessible. They must be calculated
from the basic ballistic data for the bullet in question (mass, moments of inertia
and form factors) and the weapon (muzzle velocity and twist length) for the dis-
tance between the weapon and the target. Simple mathematical models allow us to
calculate both the impact velocity and the angle of attack. Speed of rotation and

Fig. 2-48. Angle of
incidence and angle of
attack /: Direction of flight.
2: Axis of bullet. y: Angle
of incidence. &: Angle of
S attack.
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Fig. 2-49. Acceleration acting
on a bullet:

a: Due to air resistance,

g: Due to gravity.

angle of incidence cannot readily be determined, which means that we must often
manage without these values.

2.3.4.2 Exterior ballistics calculations

In order to calculate the change in velocity and the trajectory from the initial val-
ues, we treat the bullet as a point mass. The motion of the bullet is determined
entirely by three forces: air resistance (drag) and weight (see Fig. 2-49), plus a
lateral force component. Drag acts in the opposite direction to the motion of the
bullet and hence also in the opposition direction to the bullet’s velocity. The angle
between the horizontal and the direction of flight is the trajectory angle, 6. From
Fig. 2-49 and 2.1.3.6, we obtain the following formulas for acceleration (one for-
mula for each of the three axes):

F
(2.3:2a) v, = —a, = —-w. Y [m/s?]
m

F v

(2.3:2b) v, = —a,—g = ——Y. L g, [m/s?]
m \%
F

(2.3:2¢) v, = —a,+a, = —;WVTZ + a,, [m/s*]

where F,, is the air resistance (or drag), calculated according to Eqn 2.1:64a and a4
is the possible lateral acceleration.

What is not immediately apparent from Equations 2.3:2a-c is the effect of
height y. The resistance of the air Fy, is directly related to air density and indi-
rectly to temperature, both of which change with height (p = p(y)). The effect of
height means that the system of equations to determine change in velocity cannot
be solved analytically; they can only be solved numerically, step by step. This
requires computer software.' If we ignore height (which is legitimate in the case
of flat-trajectory weapons) then we can derive approximation equations from

' e. g k-ballistics-Software 4, see Annex A.8.
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Equations 2.3:2a-c that allow us to calculate trajectory data directly (KNEUBUEHL
1998D).

The question is therefore under which conditions we need to carry out exterior
ballistics calculations for forensic investigations. The first question is whether we
are trying to calculate point of impact, speed or energy. At short ranges (up to
about 10 m), we can treat the trajectory of bullets with velocities in excess of
200 m/s as straight without introducing major errors. For light bullets, however,
we will need to calculate the velocity even at this range.

A light, solid bullet, such as the 9 mm Luger THV (see Fig. 2-15 ¢) loses approximately 70 m/s of
its velocity (approx. 90 J of its energy) in the first 10 m. Light, fast-moving fragments can lose up
to 80 m/s per metre at the start of their trajectory.

Such calculations become essential if we are attempting to identify the origins of
stray rounds, which may involve reconstructing trajectories of hundreds of metres
or even a number of kilometres. Ballistics tables are useful in making first ap-
proximations, but they take no account of meteorological conditions.

2.3.4.3 Ballistics tables

The exterior ballistics data of bullets are presented in the form of ballistics tables.
These tables show the relevant ballistic characteristics (see Fig. 2-50) as a func-
tion of distance, the values being calculated using software of the type mentioned
in 2.3.4.2. Annex A.8 contains ballistics tables for the most common types of
bullet, compiled under International Standard Atmosphere (ICAO-Atmosphere)
sea level conditions (air density p=1.225 kg/m’) with a 10 m/s crosswind. As
there is a linear relationship between lateral deflection and wind velocity, it is a
simple matter to calculate deflections for other wind velocities.

2.3.4.4 Proper motion of a bullet

Wound ballistics is influenced not only by impact speed and energy but also by
the proper motion of the bullet. Proper motion includes the speed at which the
bullet rotates about its longitudinal axis (which determines stability), the angle of

A
Y

Fig. 2-50. Trajectory data used in ballistics tables: x = range, as = angle of shot, ad = angle
of descent, x; = vertex distance, ys = vertex height.
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Precession

Fig. 2-51. Proper movement of a spin-stabilized bullet: 1: Direction of flight. 2: Axis of bullet.
y: Angle of incidence. The axis of the bullet rotates about the direction of flight (precession) and
the angle of incidence varies between a minimum and a maximum (nutation). If the bullet is
spinning clockwise the movement is to the right. If it is spinning anti-clockwise, the movement is
to the left.

incidence (see Fig. 2-48) and the pitch speed (the speed at which the bullet oscil-
lates about a lateral axis).

A bullet fired from a rifled barrel rotates about its longitudinal axis at high
speed. In terms of physics, the bullet behaves as a gyroscope, in that under the
influence of a constant external torque (due to drag acting upon it at a point other
than its centre of gravity) it undergoes precession. This means that the axis of the
bullet describes a cone, of which the point lies at the tip of the bullet and of which
the axis coincides with the bullet’s direction of flight. If the bullet is disturbed
briefly (e.g. by the combustion gases as it passes through the muzzle, or by con-
tact with a fixed object) a further movement occurs, known as nutation, which is
superimposed upon precession and generally decays slowly (see Fig. 2-51). The
bullet therefore moves about its centre of gravity throughout its flight.

2.3.4.5 Disturbances to the trajectory

Wind. A sidewind causes lateral deflection, of which the magnitude is propor-
tional to the wind velocity v,, and the time of flight. Precise calculations are pos-
sible if we substitute the relative velocity (v —vy,) for the bullet velocity in the
differential equations for ballistics.

Rain. Rain has two effects on the trajectory. First, passing through a raindrop
slows the bullet and hence increases the time of flight. Second, the moment ac-
quired from the raindrop deflects the bullet downwards, albeit slightly. At long
ranges, these two effects will cause the point of impact to be perceptibly lower.
Nutation will not increase significantly, as the mass of a raindrop is much smaller
than that of a bullet.
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Impacts. If a spin-stabilized bullet encounters an obstruction on its trajectory, it
will be subjected to a moment and a torque. The moment will modify the bullet’s
speed and direction. The torque will modify the magnitude of the bullet’s torque
(thereby altering its angular velocity) and the direction in which the torque acts,
such that it no longer coincides with the axis of rotation. The bullet will react by
undergoing nutation (see Fig. 2-51), with the axis of rotation describing a cone
around the direction of torque. The accompanying increase in aerodynamic forces
and moments acting on the bullet causes its precession to become more marked,
increasing the angle of incidence and, in many cases, causing it to tumble (‘“key-
hole””) (KNEUBUEHL 1999c).

2.3.5 Stability and tractability

2.3.5.1 Definition of stability

Non-ballisticians often misunderstand stability as it applies to wound ballistics,
there being a tendency to describe as “unstable” a bullet that is merely exhibiting
the usual phenomena of precession and nutation (oscillation). At the same time,
stability is one of the factors with the greatest influence on the wounding potential
of a bullet, so it is worth looking at the topic in more detail.

Generally speaking, every physical system has a normal rest position. This
state of repose corresponds to a particular equilibrium of forces, and the system
will remain in this condition unless that equilibrium is disturbed. If an outside
force acts on the system, causing movement, the system can react in three differ-
ent ways:

— If the induced motion becomes less pronounced with time, the system is said
to be stable. In such a case, there will be an opposing force (generally in-
duced by the outside force).

— If the movement becomes more pronounced with time, the system is said to
be unstable. In such cases forces are often present that amplify the distur-
bance.

— If the movement continues, becoming neither more nor less pronounced
with time, the system is said to be neutral. When the source of the distur-
bance is removed, the system enters a new state of repose.

These three cases can be illustrated by a ball. In the first case, it lies on the con-

Fig. 2-52. The behaviour of a ball

\ when subjected to a small deflection
on different surfaces illustrates the

difference between stability and
stable unstable neutral instability.



76 2 Basics

Fig. 2-53. The position of the centre
of pressure (L) and centre of gravity
(S) of a spin-stabilized bullet. Air
drag causes the bullet to rotate about
Direction of motion its centre of gravity.

- —Ail" drag

cave side of a hemisphere, in the second case on the convex side of a hemisphere
and in the third case on a plane surface (see Fig. 2-52).

The state of repose for a bullet in flight is that in which its longitudinal axis
coincides with the direction of flight (the tangent to the trajectory). The centre of
pressure (the point on the bullet on which air pressure is acting) always lies
somewhere between the centre of gravity and the tip of the bullet. As a result, a
torque (or overturning moment) acts on the bullet, turning its axis away from the
rest position (see Fig. 2-53). The angle between the direction of flight and the axis
of the bullet is the angle of incidence.

It is only possible to achieve stable flight — i.e. a situation in which the angle of
incidence becomes smaller as the bullet progresses — if the overturning moment is
counteracted by a stabilizing moment. There are two quite different ways of gen-
erating this stabilizing moment:

— Cause the bullet to rotate about its longitudinal axis at high speed, creating a
gyroscope. The gyrostatic moment will then stabilize the bullet.

— Design the bullet in such a way that air pressure has a stabilizing effect on
it.

To look at stability in more detail, we shall study spin-stabilized and non-spin-
stabilized projectiles separately.

2.3.5.2 Spin-stabilized projectiles

As soon as it enters free flight, a spinning projectile behaves like a heavy spinning
top. Its proper motion is centred on its centre of gravity, which can be compared
to the centre of rotation of a top (see Fig. 2-54). Air pressure induces a torque
(overturning moment) about the centre of gravity, which is analogous to the
weight of a spinning top inducing a moment about its centre of rotation.

If the angular velocity is high (as is the case for a spin-stabilized bullet), the di-
rection of the torque more or less coincides with the axis of the projectile. The
direction of change in torque is the same as the direction of the moment, which is
to say perpendicular both to air pressure and to the axis of the projectile (see
2.1.3.4). The torque (and hence the axis of the projectile) therefore describes a
circle about the direction of flight — the phenomenon of precession mentioned
earlier. This stabilizing gyrostatic moment prevents the axis of the projectile from

tipping.
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Fig. 2-54. Analogy between a
spinning top and a bullet in free
flight.

S: Centre of gravity,

D: Centre of rotation of the top,
L: Centre of pressure.

N

A spin-stabilized projectile is said to be stable if the ratio of the stabilizing
gyrostatic moment Mg to the moment of the air pressure (the overturning moment)
M is greater than 1:

(2.3:3) s = — > 1, [-]
L

where s is the gyroscopic stability number of the bullet. Equation 2.3.3 is an es-
sential precondition for stable flight; it ensures that the angle of incidence does
not increase during flight. In practice, values of s of between 1.3 and 1.6 are con-
sidered desirable, depending on whether the bullet is intended for flat or steep
trajectories.

The angle of incidence will only decrease during flight if the Molitz stability
equation is also fulfilled (see KNEUBUEHL 1982).

Spin-stabilized bullets execute a decaying precession motion, on which nuta-
tion is superimposed in most cases as a result of disturbances (see Fig. 2-51). At
close range, this can have a major influence on the behaviour of the bullet as it
enters the body.

Under normal circumstances, the angle of incidence due to precession and nu-
tation may amount to several degrees just after the bullet leaves the muzzle. The
nutation component falls almost to zero during the first 100 m. From that point on,
the angle of incidence is almost equal to the precession angle, which is determined
by air pressure. This angle becomes smaller during flight, as air pressure reduces
with speed. As the bullet’s speed of rotation (and hence the stabilizing gyroscopic
force) only decreases slightly, the gyroscopic stability of the bullet increases with
distance from the muzzle. The bullet therefore becomes increasingly stable along
its trajectory. Experiments with soap blocks confirm this in qualitative terms, as
the length of the narrow channel increases with distance from the muzzle (see
Fig. 3-23).

There are exceptions to this rule, however. As the speed of the bullet decreases, the airflow around
it alters. The centre of pressure moves towards the tip, increasing the overturning moment. In most
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cases, this effect is negligible by comparison with the increase in gyroscopic stability. However,
the overturning moment of certain bullets increases markedly around Mach 0.9 (approx. 300 m/s)
due to the way they are affected by flow. It is perfectly possible for such bullets to become unsta-
ble after several hundred metres of stable flight.

Bullets that become unstable as a result of striking an object (e.g. ricochets) only
remain unstable for a few hundred metres. The angular momentum is altered by
the impact and then remains virtually constant at its new value, allowing stable
gyroscopic motion to resume after a certain time. It is possible that the bullet,
while stable, will continue its flight tail-first.

2.3.5.3 Projectiles stabilized by air forces

If a projectile is fired with little or no spin, the stabilizing moment must be pro-
vided by air force. In such cases, the relative positions of the centre of pressure
(L) and centre of gravity (S) play a decisive role. If L lies in front of S, the mo-
ment produced will destabilize the projectile, as we have already seen in the sec-
tion on spin-stabilized bullets. However, if L lies behind S, the air pressure has a
stabilizing effect (this is the principle by which a weathervane operates: see
Fig. 2-55). Stabilizing a projectile without using spin therefore involves designing
it in such a way as to place the centre of pressure behind the centre of gravity.
This can be achieved as follows:

— By so distributing the mass as to move the centre of gravity forward (arrow
stabilization, see Fig. 2-56 a).

— By applying drag to the tail, thereby moving the centre of pressure towards
the rear. This can be achieved in either of two ways:

¢ Dby increasing the lift force at the tail (fin stabilization, see Fig. 2-56 b);
¢ Dby increasing the drag at the tail (drag stabilization, see Fig. 2-56 c).

Fin stabilization is the most widely-used method, and the easiest to control from a
technical point of view. This technique has been introduced for small arms am-
munition in recent years, in the form of flechettes.

2.3.5.4 Shoulder stabilization

Another type of stabilization comes into play in the case of projectiles with a lar-
ger frontal surface area, regardless of whether the projectile is spinning or not. At

Fig. 2-56. Stabilizing a projectile without the use of spin: a. Arrow stabilization, b. Fin
stabilization, ¢. Drag stabilization.
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b

a

Fig. 2-57. Shoulder stabilization. a. The resultant of the asymmetric distribution of pressure
on the face of the projectile generates a stabilizing moment. b. At larger angles of incidence,
this moment has a destabilizing effect (S = centre of gravity).

small angles of incidence, the asymmetric distribution of pressure on the face of
the projectile due to stagnation pressure generates a stabilizing moment (see Fig.
2-57 a). Normally, the flow separates on the edge of the face. As a result, there are
no compressive forces acting on the rest of the bullet. At larger angles of inci-
dence this moment has a destabilizing effect (see Fig. 2-57 b), with the angle of
transition depending on the diameter of the face and its distance from the centre of
gravity. This type of stabilization plays an important role in the behaviour of a
bullet in a dense medium, as stagnation pressure, and hence the stabilizing mo-
ment, can be fairly large. This provides a plausible explanation for many phenom-
ena.

2.3.5.5 Tractability

The question of overstabilization of rifle bullets is frequently raised in wound bal-
listics. It is often claimed that the axis of a bullet with a high stability number
does not follow the tangent to the trajectory and therefore presents a higher angle
of incidence on the descending branch of the trajectory.

In stability theory, the ability of a bullet to keep its axis aligned with the tan-
gent to the trajectory is known as tractability.

Drag moment causes the axis of the bullet to describe a cone around the tangent to the trajectory
(precession, see 2.3.5.2). If the direction of the tangent to the trajectory only changes slowly, and if
the angular momentum is not too great, the axis of the bullet will follow the tangent to the trajec-

tory.

The more tractable a bullet, the smaller the angle between the tangent to the tra-
jectory and the axis of the bullet at all points along the trajectory. This is the case
if the change in the angle of precession is at all times greater than the change in
the trajectory angle, i.e. if:

~|dy/de

2.3:4
¢ ) de/dt

1, [-]

where f is the tractability number.
It is therefore clear (and can of course be proved mathematically) that tracta-
bility is inversely proportional to stability. Excessive stability can therefore lead to
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Table 2-13. Extract from ballistics table, showing stability and tractability numbers.
Full metal-jacketed bullet, 7.62 mm NATO, mass: 9.5 g, vo: 830 m/s

X v Q) S f

[m] [m/s] [rad/s] [-] [-]
0 830 2729 1.37 34021
50 791 2711 1.49 29649
100 754 2692 1.62 25837
150 718 2673 1.76 22485
200 683 2654 1.92 19519
250 649 2634 2.09 16883
300 616 2614 2.29 14538

tractability problems. Having said that, critical values only arise in the vicinity of
the apex of a steep trajectory. The velocity of the projectile is low at that point
(often less than 100 m/s) and it is therefore extremely stable. At the same time, the
trajectory angle is changing rapidly, and the tractability number becomes small.
Trajectory calculations that include stability and tractability reveal that critical
values only arise if the projectile is fired at an elevation of more than 70°.

These calculations are confirmed by a forensic case of which the author has direct experience. A
man fired a rifle into the air at an outdoor event and a girl was hit by the falling bullet 1.4 km away
(angle of attack approx. 85°). The bullet entered tip first, causing a wound of which the severity
was such that it could only have been caused by a bullet in stable flight. As the man came forward
it was possible to fully reconstruct the trajectory, knowing his position at the time, that of the vic-
tim and the meteorological conditions obtaining. The bullet was fired at an angle of 69.2° and
reached a vertex height of approx. 1.8 km.

In the case of a weapon with a flat trajectory, the bullet is always tractable. There
is no possibility of overstabilization leading to tractability problems (i.e. of f ap-
proaching 1). See data in Table 2-13.

2.3.5.6 Stability and ricochets

Only by carrying out complex calculations is it possible to say how large an im-
pact a bullet can undergo and still be able to recover stability in the sense de-
scribed in 2.3.5.1.

Many years of experience indicate, however, that normal bullets become un-
stable if the angle of incidence exceeds approximately 15°.

The exact angle naturally depends on the design of the bullet, and the speed of rotation will be an
important factor. The figure of 15° assumes a normal design of bullet and a gyroscopic stability
number of between 1.5 and 2.

For a first approximation, however, we can assume that the angle of incidence
immediately after the impact is equal to the nutation angle and ignore the preces-
sion component. Under these assumptions, we can establish a relationship be-
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tween the angle of impact and the angle of incidence immediately after the im-
pact, taking into account bullet geometry and angular velocity (KNEUBUEHL
1999c¢). This approach has been used to calculate the relationship between angle
of attack and nutation angle for a handgun bullet (9 mm Luger FMJ RN) and a
rifle bullet (7.62 mm NATO). The results correspond closely to those observed in
practice. See Fig. 2-58.

From the graph, we can see that the 9 mm Luger bullet can resume stable flight
after impact if the angle of attack does not exceed approx. 2.5°. A 7.62 mm bullet
will fail to recover stability even at an angle of attack of less than 1°. It is inter-
esting to note the influence of rotation speed in the case of the rifle bullet; the
higher rotation speed (weapon with a twist length of 203 mm as opposed to
305 mm) delays the onset of destabilization considerably.

2.3.6 Fragment ballistics
2.3.6.1 Acceleration of fragments

Fragments are generally accelerated using explosives. Their initial velocity (and
hence their initial energy) therefore depends on the efficiency with which the en-
ergy in the explosive is utilized.

Fragments may also be created when a bullet chips pieces out of a hard mate-
rial or when the bullet itself breaks up. In such cases the fragments acquire most
of their energy from a transfer of momentum.

The initial velocity of a fragment accelerated by an explosive can be calculated
fairly accurately if the geometry of the casing and the explosive are known. This
velocity is calculated using the GURNEY formula, which uses an explosive con-
stant and the ratio of the mass of explosive to the mass of fragmentation material
(see KNEUBUEHL 1999b for a comprehensive description of the derivation and use
of this formula):
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(2.3:5) Vg, = G—K, [m/s]

[ ’J
mc

where G is the GURNEY constant (see Table 2-14), my is the mass of the fragments accelerated m,
is the mass of the explosive and Cg is a form factor (see Table 2-15).

Fragments with a significant effect on the human body have a mass of between a
few hundredths of a gram and a few tens of grams. They may have an initial ve-
locity of over 2000 m/s, and their energy may therefore range from less than 1 J to
60 J.

In terms of shape, fragments can be divided into two basic categories:

— Natural fragments are created on detonation by the destruction of the body
of the projectile. They generally consist of steel. Copper, aluminium or
plastic fragments may also be present, depending on the device.

— Prefabricated fragments are embedded in a base material. Such fragments
are generally spherical or cuboid, and are usually made of steel or tungsten.

2.3.6.2 Exterior ballistics of fragments

In forensics, we are usually dealing with fragments that cover short distances, e.g.
fragments from a hand-grenade in a pub or a bomb in a department store. As the
initial velocity of the fragment is generally high, it has a short flight time and
loses little height. It is therefore reasonable to assume the trajectory of a fragment
to be a straight line in such cases.

For instance, a small cuboid fragment with a mass of 0.1 g and an initial velocity of 1000 m/s loses
only 10 mm in height under the influence of gravity over a distance of 25 m.

For greater distances, such as those involved when calculating danger zones on
shooting ranges, assessing hazards and reconstructing incidents (e.g. car bombs),
it will be necessary to calculate the trajectory using the equations of motion (see
2.3.4.2), as the trajectory of a fragment will be markedly asymmetrical over
longer distances, with the apex situated well after the half-way point.

Table 2-14. Gurney constant Gk for a num- Table 2-15. Constant Cg for the Gur-
ber of common explosives ney formula

Explosive Density Gk Shape of fragment Cg
[kg/m’]  [m/s] Sphere 3

Hexogen (RDX) 1.77 2830 Cylinder 1 A

Octogen (HMX) 1.89 2970 Symmetrical sandwich I 3

Trinitrotoluene (TNT) 1.63 2370

Black powder* 1.30 950

a .
Used as an explosive
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A fragment will hardly ever maintain its initial orientation all the way to the target. It is reasonable
to suppose that the lines of the accelerating forces will not pass through its centre of gravity. The
fragment therefore undergoes torque, causing it to rotate about an axis, and this axis will generally
not be fixed. In calculating the sectional density, we generally take the mean face area of the frag-
ment which, in the case of a convex shape, corresponds to "4 of the total surface.

We use the drag coefficient for either a sphere, a cube or a cylinder, depending on the shape of
the fragment. Selecting the appropriate form does require a certain amount of experience.

There is a tendency to grossly underestimate the deceleration that a fragment un-
dergoes along its trajectory. As a rule of thumb, one can say that a 0.1 g cuboid
fragment loses about '/ of its velocity per metre and a 1 g fragment approxi-
mately 1/40.

2.3.7 Terminal ballistics models

2.3.7.1 General

From a physical point of view, an impact between a bullet and a solid (or liquid)
object is a highly complex process. It takes place over a very short timespan and
involves large forces and pressures. As deformation of the bullet and of the target
will inevitably occur, the dynamic characteristics of the materials will play an
important role.

The behaviour of a material under large loads of short duration differs from that of the same mate-
rial under static or quasistatic loading. Materials are often stronger under dynamic load.

A number of penetration models have been developed on the basis of observation
and experience, of which two are quite useful in understanding the processes as-
sociated with handgun and rifle bullets.

2.3.7.2 The plugging model

The plugging model is useful in the case of thin layers of material where the bullet
removes material as it passes through but causes little deformation. Here, it is as-
sumed that the bullet removes a disc or plug from a sheet of the material.

The shear work can be derived from the shear stress and the area involved, and
equated to the energy used by the bullet, E;. We obtain the following equation:

(2.3:6) E; = Cg-k-D? 1
where k is the calibre, D the thickness of the plate and Cg a material-specific shear constant.

Rearranging and extending Eqn 2.3:6, we obtain an equation for the thickness
penetrated as a function of energy density E:

2.3:7) D = ~ . JE k. [m]

4.Cq
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The thickness penetrated is therefore proportional to the square root of energy
density times calibre. For a given energy density and bullet design, a larger-cali-
bre bullet has better penetration characteristics.

2.3.7.3 The displacement model (ductile failure)

If the target is capable of undergoing deformation, it is reasonable to assume that
the bullet will displace material as it passes through. According MARTEL's theory,
the volume displaced will be proportional to the energy used, Ey.

The validity of this rule can be demonstrated easily and accurately by empirical means for materi-
als capable of undergoing plastic deformation (plasticine, soap, etc.).

If the target is in the form of a sheet, one can assume as a first approximation that
the volume displaced will correspond to the volume of the hole created by the
bullet:

(2.3:8) E, = CV.%kZ.D = Cy-A-D, ]

where k is the calibre, D the thickness of the plate, Cy a proportionality factor
associated with the material and A the cross-sectional area of the bullet.
If we divide Eqn 2.3:8 by the calibre cross-sectional area, we obtain the rela-
tionship between thickness penetrated and energy density:
1 E, 1 1 q-v°

239 D= ——Y = —.F = —. . m
(2.3:9) C, A C, c, 2 [m)

It is interesting to note that the thickness penetrated depends not on the calibre of
the bullet but on its sectional density, q.

The displacement model is valid for most materials that are capable of defor-
mation. In practice, we see that the direct relationship between energy density and
penetration capacity holds good for bullets that behave in a similar manner in the
target material.

2.3.7.4 Bullet passing through a thin layer of material

When a bullet passes through a hard material, especially in the form of a thin
sheet, something surprising often occurs. Let us say that a sheet of a material just
stops a bullet with impact energy Eg. At a slightly higher impact energy E, the
bullet passes through the sheet. The residual energy behind the sheet is E.y. The
energy Egs required to perforate the sheet is therefore:

(2.3:10) E, = E,-E,, L]

and, surprisingly,
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(2.3:11) E, < E, . ]

S

In other words, the sheet absorbs less energy when the bullet passes through than
when it remains in the sheet. This behaviour can be explained as follows: when
the bullet passes through the sheet, a rupture line forms around the channel cre-
ated by the bullet, preventing further energy being transferred from the bullet to
the sheet. As a result, the bullet retains more residual energy. The faster the rup-
ture line forms, the less energy the sheet is able to absorb. This is indeed what
happens. Increasing the impact energy reduces the energy required for the bullet
to pass through the material.






3 General wound ballistics
B. P. KNEUBUEHL

3.1 Introduction

3.1.1 General

Wound ballistics is the sub-domain of terminal ballistics that addresses the be-
haviour and effects of a bullet in a person or an animal.

In this book, we shall divide wound ballistics into three areas: handgun bullets,
bullets from long weapons and fragments. The logic behind this is that there are
fundamental differences between the three types of projectile in terms of form,
structure and energy. These differences affect their behaviour in the target and the
formation of the wound channel.

The determining factor is not the weapon, but the ammunition. For instance, a 22 L.R. is classed as
a handgun cartridge, even when fired from a rifle, because of its form and the energy it carries.
Conversely, a 223 Rem. remains a rifle cartridge, even when fired from a Contender pistol.

The most significant factors with regard to rifle bullets are the temporary cavity
and the effect it has on the body. Rifle bullets carry some 1500 to 4500 J of en-
ergy — more than enough to cause serious, life-threatening injury.

Handgun bullets are generally more compact (no more than two calibres long)
and carry significantly less energy (250 to 750 J). However, the most powerful of
handgun bullets deliver more energy than the least powerful rifle bullets — a
454 Casull handgun round delivers 2500 J, while a 222 Rem. rifle bullet carries
only 1200 J, for instance. Handgun ammunition with high energy levels is ex-
tremely rare, however.

Fragments behave very differently to bullets in the body. Bullets in unstable
flight, and those with a large angle of incidence, behave in a manner similar to
fragments. We shall therefore discuss such projectiles in a separate section.

Wound ballistics is first and foremost an empirical science, based on experi-
ence and experiment. Knowledge is acquired by conducting test firings, observing
the results and formulating explanations. Naturally, one also attempts to model the
experimental results using mathematics and physics, in order to derive quantita-
tive rules and make predictions.

Section 3.3 discusses the materials used for simulation shots. These materials
must reproduce as closely as possible the behaviour of biological tissue subjected
to bullet wounds. Section 3.4 examines other ways of simulating bullet wounds.

B. P. Kneubuehl (Ed.) et al., Wound Ballistics, DOI 10.1007/978-3-642-20356-5 3,
© Springer-Verlag Berlin Heidelberg 2011
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3.1.2 The history of wound ballistics

In the present context, we can only consider the history of wound ballistics in the
narrower sense. The development of techniques for treating bullet wounds (i.e.
war surgery) lies outside the scope of the present book, if only for reasons of
space. Not surprisingly, however, military surgeons were the first to examine the
effects of bullets. They were effectively studying wound ballistics, even when the
term did not exist.

There were (and still are) two main reasons for studying wound ballistics. On
the one hand there were the doctors, who studied the effects of bullets in order to
develop improved methods of treatment and — at another level — to warn the
armed forces against producing bullets of which the effects would contravene the
principle of proportionality. On the other hand, there were the armed forces, who
observed the effects of bullets and wished to achieve maximum effect with mini-
mum (technical) effort.

As early as 1830, DUPUYTREN and his students (cited in BIRCHER 1896) con-
ducted experiments using cloth, wood and cadavers, comparing the results with
observations from the field.

Later, the main point of interest was the effect on men and horses of the lead
balls in use at the time, horses being the soldier’s constant companion on the bat-
tlefield, either as a mount or as a means of moving artillery. Lead balls of various
calibres were fired from rifles or projected in the form of shrapnel shells, which
carried a large number of balls and ejected them on detonation. The shrapnel shell
was invented by Lieutenant (later Major-General) SHRAPNEL of the British Army
from 1784 onwards. The world’s armies wanted to know the energy such balls
required in order to achieve a given effect.

In the second half of the 19th Century, all armies used solid lead round-nosed
bullets weighing between 20 and 25 g, with initial velocities of 400 to 450 m/s.
Examples include the Vetterli rifle in Switzerland and Italy, the Springfield 45-70
in the USA, the Chassepot in France and the Dreyse needle gun in Germany.

At the time, there were three main theories explaining the effects of solid lead
bullets:

— partial melting of the bullet on impact;
— centrifugal force on tissue due to the rotation of the bullet;

— hydraulic pressure.

BuUSsCH in Bonn (1873, cited in KOCHER) was the first to show that a bullet fired at
short range by a Chassepot rifle did not leave a clean hole but rather had a “sub-
stantial crushing effect” on, for instance, the epiphyses (ends) of the large hollow
bones. He ascribed this effect to molten lead particles “spraying” on impact due to
the sudden transfer of so much energy. In a later work (BUSCH 1874) the author
concluded on the basis of his experiments that, particularly in the case of a shot to
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the skull or a diaphysis (the middle section of a hollow bone) the hydraulic pres-
sure generated by the bullet must also play a significant role. This conclusion was
prompted by the difference between the effect on an empty skull and that on a
skull filled with brain. The ejection of particles from the entry wound was also
interpreted as being the effect of hydraulic pressure.

The funnel-shaped defects pointing towards the exit wound, observed in the
liver, muscle, etc., were explained as being due to the rotation of the bullet about
its longitudinal axis dragging the surrounding tissue with it in a circular move-
ment, the resulting centrifugal force widening the wound channel.

It was at this stage of research into the effects of bullets that KOCHER (1841-
1917) arrived on the scene. He laid the foundations for studying the effects of
bullets on the body in a scientific manner. His publications in this field appeared
between 1874 and 1895.

In 1909, he became the first surgeon to win the Nobel Prize for Medicine, for his work in the fields
of thyroid physiology and surgery.

After conducting numerous experiments, and having calculations carried out by
physicists and mathematicians, he concluded that neither partial melting of the
bullet nor centrifugal force could have a significant effect on tissue, and that hy-
draulic pressure was the decisive factor.

For instance, KOCHER had physicist FORSTER calculate the velocity (and hence
the energy) that a lead ball would need in order for the sudden impact to generate
sufficient heat to just bring the entire mass of lead to melting point (i.e. to raise
the temperature from 15 °C to 326 °C). The answer was 353 m/s. KOCHER ac-
knowledged that some of the lead could melt on impact with a bone, but stated
that this was impossible when a bullet passed through soft tissue. He was also the
first to use soap and gelatine for modelling purposes. Because of the mushroom-
ing observed in the lead bullets then in use (a phenomenon that others had already
noted) he called for harder, non-deformable bullets to be used, as he had realized
that mushrooming produced larger wounds. As a result, the Swiss federal muni-
tions factory in Thun, under the leadership of RUBIN, began to produce a full
metal-jacketed bullet in 1880. The new bullet formed part of a cartridge, the other
half being a newly patented bottleneck cartridge case.

KOCHER must take most of the credit for the introduction of this jacketed bullet, as it was he who
persuaded RUBIN to start producing it (see Fig. 3-1).

By the beginning of the 20th Century, the armies of all the major States had intro-
duced this type of bullet.

KOCHER also recommended a reduction in calibre, to minimize hydraulic pres-
sure, and an increase in rotation speed, to increase stability.

His three-part work “On the explosive effect of modern small-calibre bullets” closes with the fol-
lowing, somewhat gloomy comment:
“The only way to keep hydraulic pressure as low as possible is to keep the size of the bullet to
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Fig. 3-1.  Prof. KOCHER (seated,
wearing a black hat) during firing tests
at the Swiss federal munitions factory,
Thun.

a minimum, as it is patently impossible to alter the fluid content of the human body (*) and the
armed forces will scarcely be willing to forego the propulsive force of the newer weapons. Even
with the smallest of bullets, there will be enough of those extensive destructions of bone that are
the chief aim wherever differences are settled by force of arms.

(*) Although an empty stomach is still to be recommended.”

The footnote refers to the practice of soldiers at the front, who avoided eating and drinking before
an attack so as to facilitate treatment in the event of a stomach wound.

In 1896, Swiss Army doctor H. BIRCHER published a paper entitled “New studies
on the effects of handguns,” together with an atlas (which is still worth consult-
ing) containing over 40 illustrations of bullet deformation and of bullet wounds to
various organs. Please see Fig. 3-2 for a small selection of these illustrations.
Some ten years earlier, there had been a significant change in the field of ammu-
nition; jacketed bullets had replaced solid lead, calibres had decreased and veloci-
ties had increased. The view at the time was that preventing mushrooming by us-
ing full metal-jacketed bullets, together with a decrease in calibre, would reduce
the destructive effect of bullets on the human body and render them more “hu-
mane,” insofar as one can ever use this term in connection with bullets. The par-
ticipants at a medical conference in Rome were therefore astonished to hear Prus-
sian army doctor VON COLER put forward a totally contradictory view. On the ba-
sis of numerous experiments, he maintained that the “reputation of this new, hu-
mane bullet has been forever destroyed.” BIRCHER and his team undertook nu-
merous experiments in an attempt to resolve the differences between the view-
points.

The results of these experiments — including shots fired into tin cans with a
range of different contents — are shown in very revealing drawings, which are in-
cluded in the atlas mentioned above.

Naturally, discussion of the effects of the “old” and “new” types of ammuni-
tion form a large part of his book. In particular, the author points out the explosive
effect of the new bullets — the result of hydraulic pressure. Two years later, US
Army doctor WOODRUFF published a paper on the explosive effect of modern
small-calibre ammunition. This author likewise worked with physicists and math-
ematicians to conduct a theoretical analysis of the phenomena. In his paper, WOOD-
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RUFF used five images to present the formation of the temporary cavity, albeit
without using that term. His pictures would not be out of place in a modern book
on the subject. The only mistake is that the bullet is represented as continuing in
stable flight after passing through the target. The author fired bullets through
empty tomato tins and tins filled with water, dry sand and damp sand. He also
used the bladders of recently slaughtered cattle (empty, half-full and full).

The soldiers who fired at the bladders reported seeing them swell up briefly before collapsing.

SIMPSON (1868, cited in JOURNEE 1907) observed the following: a bullet (of
unspecified calibre) that penetrated a piece of wood (fir) to a depth of 0.8 cm
caused slight bruising to the skin of a horse. A bullet that penetrated to a depth of
1.5 cm caused a substantial wound, without disabling the horse, and a bullet that
penetrated to a depth of 3.0 cm caused a very dangerous wound. JOURNEE pointed
out, quite rightly, that the characteristics of the projectile (ball/bullet, calibre) are
not specified. Nevertheless, SIMPSON’s experiments appear to be the first pub-
lished wound ballistics experiments.

QUESNAY (1875) writes in his book that a ball that penetrates fir by 8 mm
causes a “simple bruise,” whereas a ball that penetrates to twice that depth causes
a dangerous wound. Here again, there is no mention of calibre.

Around 1900, experiments in Germany showed that lead balls with a mass of
12.5 g, travelling at 112 m/s (energy approx. 80 J) could cause serious injuries.
ROHNE (1906) and PANGHER (1909) also published on this subject.

The work by JOURNEE (1907) was among the most significant of the early
1900s, covering the effects of lead balls, rifle bullets and shrapnel balls.

The publications cited above focused on the relationship between penetration
depth and the damage that a projectile causes to skin, muscle and bone, and the
relationship between penetration depth and calibre, mass and velocity. The work
of LAGARDE (discussed in detail in HATCHER (1935)) looked at the effect on the
person, and more particularly at the question of how handgun bullets should be
designed in order to be as effective as possible. In other words, what bullet char-
acteristics yielded maximum “stopping power.”

At the turn of the century, the US armed forces were using a 38 revolver that
fired 38 Long Colt cartridges (bullet data: m =10 g, v =230 m/s, E =260 J). Be-
cause of the cartridge’s unsatisfactory performance in a number of theatres (in-
cluding the Philippines), the US War Department set up a commission in 1904
tasked with choosing the most effective cartridge/handgun combination from
among those available at the time.

The task was given to Colonel LAGARDE, assisted by Colonel THOMPSON (in-
ventor of the eponymous sub-machine gun). Firing was conducted at close range
(approx. 1 m) using the then common cartridges listed in Table 3-1. The targets
consisted of 10 human cadavers, 16 live oxen and 2 horses. Longer ranges (ap-
prox. 35 m and 70 m) were simulated by reducing the propellant loads.
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Table 3-1. Weapons used by LAGARDE for his experiments (from HATCHER, 1935)
Weapon Cal.  Bullet Mass Vo Energy 1
[g] [m/s] Ul [N's]

7.65 mm Luger pistol Jacketed 6.0 425 552 2.55
9 mm Luger pistol Jacketed 8.0 315 400 2.52
Colt Army revolver 38 Solid lead 9.6 230 254 221
Colt automatic pistol 38 Jacketed 8.4 332 471 2.79
Colt New Service Revolver 45 Solid lead 16.1 216 383 3.48
Colt New Service Revolver 45 Hollow-point 14.2 210 318 2.98
Colt New Service Revolver 455  Man Stopper 14.1 240 383 3.38
Colt New Service Revolver 476  Solid lead 18.6 220 452 4.09

Cal.: nominal calibre, vo: Muzzle velocity, I: Momentum.

The cadavers were suspended by the neck, and the experiment consisted of
measuring the displacement (which LAGARDE termed the “shock”) when the ca-
daver was struck by a bullet.

In physics terms, what he measured was the momentum of the bullet. The cadaver effectively
formed a ballistic pendulum, of which the displacement was proportional to the momentum of the
bullet. If the bullet passed through the cadaver, the displacement was proportional to the momen-
tum transferred to the pendulum.

The live animals were shot in an abattoir and the effects of the various bullets
were observed. LAGARDE concluded that the 476 bullet was the most effective.
Given the way the experiment was set up, this was the obvious conclusion, as that
bullet had the greatest momentum.

3.1.3 Basic relationships

The kinetic energy of the bullet on impact with a body, E, is of fundamental im-
portance in wound ballistics. This kinetic energy is the sole source of energy for
the destruction of tissue. However, it is not the total energy of the bullet that is de-
cisive, but rather the energy transferred as the bullet passes through a medium.
We shall label the energy transferred E, (also measured in Joule). If we relate the
transferred energy to the distance penetrated, s (the gradient of the distance/energy
function), we obtain the key parameter for determining wounding potential, E'yp.
This parameter is the local energy transfer, and is generally measured in J/cm.

If one assumes (as is generally the case today) that the deceleration of the bul-
let in a dense medium (simulant, muscle, most organs) is proportional to the
square of its velocity (the same law of deceleration as for air), then we can derive
the following equation for wounding potential E'y:

3.1:1) E, = —2-R-E. [J/m]
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E’sb is therefore proportional to the instantaneous energy of the bullet and to its
retardation coefficient R. For a given value of instantaneous energyi, it is therefore
R that determines the amount of energy transferred. This means that bullets with
the same energy, but different values of R, transfer different amounts of energy.
Or, to put it differently, the energy transferred by a bullet per unit distance is de-
termined solely by the retardation coefficient times energy (R-E), not by the en-
ergy itself. R is given by:

(3.1:2) R = 1.Cpop-— = 1.Cpp-—, [1/m]
m q

where A is the surface area of the bullet in contact with the medium, p is the den-
sity of the medium, Cp, is a form-dependent drag factor and q is the corresponding
sectional density. It therefore follows that this parameter influences the amount of
energy transferred. If we assume that p and the drag coefficient Cp remain con-
stant, then from Equations 3.1:1 and 3.1:2 we obtain the following:

(3.1:3) B, o & [7/m]
q

Energy transfer per unit distance is hence directly proportional to the instantane-
ous energy of the bullet and inversely proportional to its sectional density.

The value of A is at its smallest when the bullet is in stable flight, tip first. As
the bullet begins to yaw, i.e. as the direction of flight and the longitudinal axis of
the bullet begin to form an angle v, the sectional density q decreases (because the
surface exposed to flow increases) and E'y, increases, in accordance with
Eqn. 3.1:3. The increase in energy transferred resulting from yaw (up to and in-
cluding the point at which the longitudinal axis of the bullet becomes perpen-
dicular to its direction of flight) can be considerable. The range of values for E’,,
is particularly wide in the case of rifle bullets, as they have a large longitudinal
cross-sectional area (in one plane of their axis) in comparison with their frontal
area. Handgun bullets are no more than twice as long as their own calibre, and the
effect of yaw is considerably less significant.

The sectional density also has a major influence on penetration depth /, i.e. the
total length of the wound channel. As for Eqn 2.3:9, we can derive the following
equation (¢ < D):

3.1:4) (o q-v. [m]

Penetration depth is hence directly proportional to sectional density and inversely
proportional to energy transfer.
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3.2 Processes in the wound channel; the temporary cavity

3.21 Preliminary remarks
3.2.1.1 The concept of the “temporary cavity”

The temporary cavity is the most important concept in the wound ballistics of
higher-velocity bullets. Almost all biological phenomena can be traced back to the
temporary cavity. In the case of living beings, it would be more accurate to speak
of a “temporary wound cavity,” as the creation of the temporary cavity creates a
wound. The word “temporary” emphasizes that this cavity exists only briefly after
the bullet passes through, except when using certain types of simulant.

The process of forming a temporary cavity is sometimes compared — wrongly — with that of cavi-
tation. Cavitation bubbles appear on bodies that move through a fluid at a velocity sufficiently
high for the critical pressure to drop below the vapour pressure (Bernoulli’s equation, see 2.1.4.4).
When these bubbles burst, smooth surfaces (such as those of a ship’s screw) may suffer erosion
due to the energy released. WOODRUFF (1898) was the first doctor to use the term “cavitation” in
connection with wound ballistics.

The temporary cavity in the wound channel is created as the medium flows away
from the contact surface. At the same time, the medium is accelerated radially
away from the channel (see Fig. 3-3) and undergoes deformation — elastic, plastic
or both, depending on the medium. This creates a space behind the bullet and, ini-
tially, a vacuum. The vacuum and the elastic energy stored in the medium then
cause the temporary cavity to collapse, which is indeed comparable with the
bursting of a cavitation bubble.

3.2.1.2 Different ways of looking at wounding

The processes involved in the formation of a bullet wound can be seen from two
points of view, depending on whether the problem is surgical or physical/forensic.
The two aspects can be distinguished by the questions associated with each:

— What happens when a bullet enters the body (of an animal or a human be-

Fig. 3-3.  Rifle bullet (7.62 x 39) passing through
gelatine. The photo clearly shows the medium flow-
ing away from the bullet at the meridian line in con-
tact with it. A vacuum is forming behind the bullet

(creating the temporary cavity). Shutter speed: 1 ps.
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ing) and creates a wound channel? (“Actio,” the physical ballistic aspect).

— How does the body react to this interaction between bullet and body?
(“Reactio”, the medical/biological aspect).

The two points of view are closely related, making wound ballistics very much an
interdisciplinary science. They will play a significant role in the sections that fol-
low.

We shall start by describing the movement of a bullet in a soft, dense medium,
from a physical point of view (3.2.2). We shall then discuss the temporary cavity
from a biological point of view, in some detail (3.2.3), and will look at how it can
be quantified (3.2.3.2). The next step will be to examine the important relationship
between the size of the temporary cavity and the characteristics of the bullet
(3.2.3.3 and 3.2.3.4). Wounding potential E', plays the primary role here, as this
is what determines the volume of the temporary cavity and hence the severity of
the damage done to the biological structure. Further sections will deal with the ef-
fect of the medium on the bullet, patterns in bullet damage to bones and the ques-
tion as to whether bullets are sterile.

3.2.1.3 Modelling wound ballistics processes

The interplay between bullet and medium is highly complex, and takes place un-
der exceptional physical conditions. For approximately 1 ms, decelerations of
over 1 million m/s* and forces of well over 10,000 N are present. The physical
characteristics of a material under such dynamic loads — especially the character-
istics of biological structures — are virtually unknown. As a result, it would be dif-
ficult to produce a mathematical/physical model of the processes involved, and
one would lack confidence in the results. Conducting experiments is therefore the
only way to gain an understanding of the wounding process.

If such experiments are to produce a usable physical representation of real-life
processes, they must fulfill a number of conditions:

— The experiments must be reproducible and must always produce the same
results.

— It must be possible to observe the process.
— Bullet dynamics and the behaviour of the medium must correspond very
closely to the real-life situation of a bullet in biological tissue.

— The values of the physical parameters along the wound channel (decelera-
tion, force, penetration depth and timing) must be close to those encountered
in real life.

Numerous experiments in various countries have resulted in the widespread adop-
tion of two materials for simulating soft tissue in wound ballistics experiments
over the last few decades: gelatine and glycerine soap.
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Both consist of water and organic matter (fats and alcohol in the case of soap
and proteins in the case of gelatine) and are not homogenous. Nevertheless, ex-
perience has shown these materials to possess the physical characteristics needed
in order to simulate soft biological tissue, including the required flowability under
high pressure. Gelatine is used in the majority of cases, at various concentrations
and temperatures.

In the past, these two materials have been validated primarily by means of experiments on animals
(e.g. JANZON 1982a for glycerine soap). However, it is also possible to verify the validity of mod-
els for determining the physical behaviour of bullets by comparing results from such models with
real bullet wounds, of which war surgery and forensics provide all too many examples. As a result,
there is no need for experiments on animals or cadavers.

There is one fundamental difference between the two simulants; soap mainly de-
forms plastically, whereas gelatine deforms elastically. Very little of the deforma-
tion that a bullet causes in soap disappears, whereas gelatine returns to almost the
same state as before. This means that the temporary cavity is “frozen” into soap
and can readily be studied and analysed. In gelatine the temporary cavity col-
lapses, as it does in tissue.

As bullets behave in a very similar manner in the two media (in terms of ori-
entation, penetration depth, deformation and velocity), it seems reasonable to as-
sume that the elasto-plastic behaviour of the two materials is of no more than sec-
ondary relevance to the motion of the bullet. The motion of the bullet is hence de-
termined primarily by density, viscosity and flowability, and these are similar in
the two media and in muscle.

Bone and other irregularities can be simulated using plastics, ensuring that the
physical behaviour of the bullet is very similar to that observed in real life (see
3.3).

3.2.2 Motion and behaviour of a bullet
3.2.2.1 Rifle bullets

Full metal-jacketed and solid bullets. Full metal-jacketed and solid bullets for
rifles are generally 3 to 5 calibres long. If they hit a soft medium while in stable
flight, they cause a wound channel that can be divided into three clearly-distin-
guishable sections. This behaviour — which is particularly clear in soap, as the
temporary cavity is frozen — is largely independent of bullet design.

The first section (see Fig. 3-4) consists of a straight entry channel, known as
the narrow channel, or NC. At its narrowest point, the diameter of this channel
generally corresponds to approximately 1.5 to 2.5 times the calibre of the bullet.
The blunter the bullet and the higher the energy, the wider the narrow channel at
its narrowest point.
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NC . TH BQ

Fig. 3-4.  Motion of a non-deforming rifle bullet in gelatine and in glycerine soap (and also in
soft tissue). NC: narrow channel. TH: temporary cavity at its largest. BQ: bullet rotating into a
position perpendicular to its direction of travel. (Illustration: full metal-jacketed steel-core bullet,
7.62 mm NATO, shown larger than actual size.)

The narrow channel is created as follows: When a bullet enters a soft target
medium, extremely high pressure is created at the tip, owing to the high density of
the medium which, from the bullet’s point of view, is flowing towards it. How-
ever, the viscosity and inertia of the medium cause the flow to break away from
the surface of the bullet at an early stage, which means that only a small part of
the bullet’s tip is in contact with the medium and hence exposed to this pressure.
A large percentage of the bullet’s surface is not in contact with the medium and is
hence subjected to virtually no forces. At this point, inertia forces predominate,
and friction can be ignored.

If the entire surface of the bullet were in contact with the medium, the forces acting upon it would
immediately cause it to become unstable and no narrow channel would be created.

Because the surface in contact with the medium is limited, the force acting upon
the bullet is comparatively small, and the contact point (or pressure point) is close
to the tip. The overturning moment, which is what causes the bullet to yaw, de-
pends mainly on the angle of incidence at the point of impact. If the bullet is in
sufficiently stable flight, the angle of incidence is small and the overturning mo-
ment is hence smaller than the stabilizing gyrostatic moment.

The bullet, which acts like a gyroscope, executes a precession movement under
the influence of this overturning moment (see 2.3.4.4 and Fig. 2-51). As a result,
the angle of incidence does not decrease. As velocity decreases, the surface in
contact with the medium increases. This leads to an increase in force and hence to
an increase in the moment applied. As a result, the angle of incidence increases
and causes the overturning moment to increase still further. This positive feedback
rapidly causes the bullet to yaw.

Using various methods of recording the motion of the bullet in the medium, it has been proven that
at this point the angle of incidence is indeed increasing very rapidly (AEBI et al. 1977, JANZON et
al. 1979, WATKINS et al. 1982 using x-ray flash photography; FACKLER 1987b using high-speed
photography; KNEUBUEHL and FACKLER 1990 using electromagnetic induction).

The length of the narrow channel hence depends on the angle of incidence at the
point of impact, on gyroscopic stability and on the form of bullet tip.
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Fig. 3-5.  Left:
Force acting against yaw. Fg:
Drag. S: centre of gravity.

Fig. 3-6.  Right:

Lateral force. The shaded
surface represents the pressure
distribution. Fg: Resultant
force. Fq: Lateral force.

The second section (see Figs 3-4 and 3-8) begins with the bullet yawing very
rapidly. As the angle of incidence increases, the bullet surface in contact with the
medium also increases rapidly, until the bullet is in contact with the medium over
its entire length. Because the bullet rotates about its centre of gravity, the base of
the bullet (or the tip, if the bullet rotates in the opposite direction) is forced into
the medium at high speed (see Fig. 3-5). The resultant force is applied away from
the centre of gravity, producing a torque that tends to oppose the yaw.

This behaviour is clearly visible in various measurements of the angle of incidence (see for exam-
ple KNEUBUEHL and FACKLER 1990).

At the same time, the bullet undergoes very rapid deceleration and the medium
flowing away from it forms a temporary cavity. The bullet is subjected to bending
and compressive stresses (see Fig. 3-6, hatched area), which can compress the
bullet or even cause it to fracture (see Fig. 3-7). When this happens, lead particles
are often squeezed out at the tail of the bullet and at the point of fracture.

At short ranges (where the energy is high and the angle of incidence is relatively large), this effect
is observed in many bullets, especially those of smaller calibre. Bullets with a soft tombac or cop-
per jacket are especially prone to this behaviour.

At impact velocities of less than 600 m/s, however, full metal-jacketed bullets undergo virtu-
ally no deformation.

If the bullet does not fragment, and if it is perpendicular to its direction of travel,
the asymmetrical pressure distribution along a very small strip along the jacket
produces a resultant force Fr. This force will rarely act exactly along the bullet’s
line of movement. As a result, there are two components (see Fig. 3-6): one com-
ponent acts in the opposite direction to that in which the bullet is moving and
slows it down, while the other acts perpendicular to the first component and is in
equilibrium with the friction between bullet and medium along the small strip

Fig. 3-7.  Full metal-jacketed bullet (7.62 x 51)
after being fired into a block of soap. Part of the
lead core was forced out of the jacket and the
bullet has fractured at the cannelure.
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Fig. 3-8.  Track of a slender full metal-jacketed bullet. The bullet has deviated substantially
from its original path and has rotated through more than 270°. 5.45 x 39 (Kalashnikov), steel core.
Bullet shown larger than actual size. See Fig. 3-4 for explanation of symbols.

mentioned previously. If lateral force exceeds friction, lateral acceleration will oc-
cur, causing the bullet to depart from a straight path (see Figs 3-4 and 3-8).

The angle between the bullet’s direction at the time of impact and the direction in which it moves
from the end of the temporary cavity onwards is closely related to the slenderness ratio of the bul-
let (the ratio of the bullet’s length to its diameter). For very slender bullets, this angle can easily
exceed 30°. Short bullets deviate little from their initial path.

As a result of inertia (the lateral moment of inertia being the determining factor),
the bullet will continue to yaw beyond the point at which it is perpendicular to its
own direction of movement, but will do so increasingly slowly. This process can
be seen as a kind of strongly damped oscillation, the damping being due to pres-
sure and to friction resistance. The maximum angle through which the bullet ro-
tates depends on its instantaneous velocity and on its geometric characteristics
(form, slenderness and moments of inertia). This angle generally lies somewhere
between 90° and 180°, but may well exceed 270° for a slender bullet (see Fig. 3-8
and SIEGMUND 2006, p. 60). This marks the end of the second section of the
wound channel.

Several authors have described these first two sections, including AEBI et al. 1977, BERLIN et al.
1982 and TIKKA 1982. FACKLER was the first to preserve the entire wound channel in a simulant
(FACKLER and MALINOWSKI 1985). It was FACKLER who pointed out that wound channels in
gelatine are entirely analogous to those observed in soap (FACKLER and MALINOWSKI 1988a).

At the beginning of the third section (see Figs 3-4 and 3-8, BQ) the bullet yaws

Fo

Fig. 3-9.  Stabilization in the
third section. Every change in
direction of rotation produces a
damping force Fp.
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under the influence of the damping force until it is once again perpendicular to its
own direction of travel. If it was in that position when it stopped yawing, it re-
mains in it. The bullet then rocks back and forth in this position, with movement
in any given direction immediately producing a damping force that opposes it (see
Fig. 3-9). The bullet therefore moves through the medium oriented approximately
perpendicular to its direction of travel, rocking back and forth about its centre of
gravity.

At the same time, it creates a second temporary cavity. This second cavity is
considerably smaller than the first, as less energy is available. Because the veloc-
ity of the bullet has also decreased considerably, the medium flows closer to its
surface until, shortly before it comes to rest, the bullet is completely embedded in
the medium. As a result, the remainder of the wound channel in soap is narrower
than the dimensions of the bullet and in gelatine (and in tissue) is often no longer
visible. The bullet comes to rest perpendicular to its direction of travel, but the
partial vacuum in the temporary cavity usually pulls it back a short distance. This
final movement always causes the bullet to come to rest with the tail forwards
(relative to the original direction of travel).

Deforming and fragmentation bullets. The behaviour of deforming and frag-
mentation bullets (generally semi-jacketed or hollow-point bullets) in a soft me-
dium differs substantially from that of full metal-jacketed bullets — even FMJ
bullets that break up when perpendicular to their direction of travel. The main dif-
ference is that the narrow channel is almost entirely absent; the temporary cavity
starts immediately after penetration. This type of bullet deforms or fragments
2 cm to 4 cm after penetrating the medium (see Fig. 3-10).

This has been demonstrated for various deforming bullets by BERLIN et al. (1988a) using X-Ray
flash photography and by KNEUBUEHL using high-speed video (up to 4000 {/s).

Deformation is extremely rapid, taking place within approximately 0.1 ms. The
forces required to accomplish this are produced by the very high pressure at the
tip. In the case of semi-jacketed bullets, this pressure acts on the exposed lead at

Fig. 3-10. Track of a deforming bullet. The bullet follows a straight line (being shoulder-
stabilized). At the entrance we can clearly see the material sucked in by the vacuum of the
temporary cavity. When the bullet strikes the surface, this material sprays outwards in a hollow
cone pattern in the direction from which the bullet has come.
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Fig. 3-11. Semi-jacketed bullet, calibre 7.62 x 51 (308 Win.)
and the deformed remains of the bullet after being fired into a
soft medium.

the tip of the bullet, which behaves in a manner similar to a fluid under such con-
ditions, forcing it into the interior of the bullet and causing it to burst. In the case
of jacketed hollow-tip bullets, the medium has to be able to penetrate the hol-
lowed-out tip in order to burst the bullet. If the opening is too small, a hollow-tip
bullet will behave like a full metal-jacketed bullet.

Deformation causes the leading surface of the bullet in contact with the me-
dium to increase suddenly. Sectional density decreases and energy transfer in-
creases (see Fig. 3-11).

The size of the temporary cavity is not affected by whether the increase in surface area (and the
accompanying decrease in sectional density) is caused by deformation or by the bullet yawing so
that it is perpendicular to its direction of movement. The cause of the decrease in sectional density
does, however, have a decisive effect on the position of the temporary cavity in the body.

The increase in the area of the leading surface of the deformed bullet results in
shoulder stabilization, as described in 2.3.5.4. As a result, a deforming bullet al-
ways creates a straight wound channel in a homogenous medium. However, the
diameter of the channel decreases steadily after attaining its maximum value, as
the sectional density remains virtually constant from that point on. If deformation
is asymmetrical, or if the tissue is not homogenous, the bullet may deviate sub-
stantially from a straight line towards the end of the channel.

Generally, we distinguish between deforming and fragmentation bullets by
looking at the mass of the largest fragment remaining after impact. Deforming
bullets lose very little material, so a deforming bullet that has been fired weighs
practically the same as one that has not. By contrast, the largest fragment of a
fragmentation bullet may weigh less than half as much as the original bullet. At
the same time, the fragments increase the overall cross-sectional area. These
fragments often create their own wound channels, branching off the main channel.
Fragmentation bullets are primarily used in hunting rifles. It is interesting to note
that both types of bullet deform in a fairly regular manner, both in gelatine and in
glycerine soap.

Explosive bullets constitute a particular category of fragmentation bullet. This type of bullet con-
tains a small amount of explosive, which detonates on impact and causes the bullet to fragment.
Explosive bullets can be designed in such a way as to explode only when they strike a hard sur-
face, behaving like normal full metal-jacketed bullets in a soft medium.
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Fig. 3-12. The wound channel of a flechette in soap. Impact velocity approx. 1300 m/s. Projec-
tile fired from left.

Flechettes. Little has so far been published concerning the behaviour of fin-stabi-
lized projectiles. Experiments conducted by the author (KNEUBUEHL 1991) have
shown that if the flight of the flechette is sufficiently stable — a precondition for
achieving sufficient accuracy — then stable flight will continue in a dense medium.
Only after penetrating to a substantial depth (> 60 cm) did the projectiles begin to
yaw, at which point the fins were also ripped off. At such penetration depths,
temporary cavities were formed comparable with those caused by handgun bullets
(see Fig. 3-12). In one case, a flechette passed right through a 1 m block of soap.
In the meantime, experiments in other ballistic laboratories have confirmed the
behaviour observed over the first 40 cm.

3.2.2.2 Handgun bullets

Full metal-jacketed and solid bullets. With a few exceptions, handgun bullets
carry substantially less energy than rifle bullets (approximately a quarter or even a
sixth as much). As energy transfer depends on the total instantaneous energy of
the bullet (see Eqn 3.1:1), handgun bullets generally cause smaller wound chan-
nels than rifle bullets. The movement of such bullets in a soft, dense medium is
the same, as is their behaviour. However, some special points are worth to be
noted.

For a variety of technical and ballistic reasons, handgun bullets are substan-
tially shorter than rifle bullets, and generally have blunter tips (often round or
conical). There are exceptions, such as bullets for silhouette pistols, but these are
rare. Because handgun bullets are shorter, the surface in contact with the medium
increases only negligibly if the bullet yaws, and the sectional density only de-
creases by a small amount. Energy transfer hence varies little along the length of
the wound channel and the temporary cavity remains small (see Fig. 3-13). As a
result, handgun bullets can easily penetrate to depths of 70 cm and more.

Deformation and fragmentation bullets. Deformation and fragmentation bullets
for handguns carry substantially less energy than do rifle bullets. This is also true
of full metal-jacketed handgun bullets. Energy transfer is hence also considerably
less, which means that one cannot compare handgun bullets with deforming rifle
bullets (often referred to — erroneously — as “dumdum” bullets, see 7.2.2.7).
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Fig. 3-13.  Wound channel of a full metal-jacketed 9 mm Luger bullet. Bullet fired from left.

These bullets generally deform very rapidly, with solid copper and copper-al-
loy bullets reaching maximum deformation (and hence maximum energy transfer)
even earlier than conventional lead-cored semi-jacketed bullets. After 1 cm to
3 cm, most deforming handgun bullets have fully mushroomed (see Fig. 3-14).

SELLIER and KNEUBUEHL noted that a 9 mm Luger Action 1 bullet fired through a 1 cm sheet of
ballistic soap had completely deformed on exit.

Once the bullet has deformed, the increased area of the leading surface induces
shoulder stabilization. The wound channel is therefore fairly straight, and narrows
conically after reaching its maximum diameter. The bullet often comes to a halt in
the medium at a slight angle to its direction of travel.

Cylindrical bullets. Cylindrical handgun bullets are also available. These are
used primarily for target shooting (in the case of lead wadcutter bullets) or for
finishing shots when hunting. Such bullets are very stable in a soft, dense me-
dium, on account of shoulder stabilization. As a result, their sectional density re-
mains unchanged and they leave a straight (and therefore long) wound channel.
The diameter of the wound channel is greatest at the point of impact, decreasing
exponentially (in accordance with Eqn 3.1:1 with R constant).

Rifle bullets that strike their target tail first behave in a similar manner, as the tail of a rifle bullet is
approximately cylindrical. This situation can arise with ricochets that regain stability at some point
after striking a hard surface, but with the tail leading.

3.2.2.3 Fragments and fragment-like projectiles

Spheres. Spheres are particularly suitable for model experiments. They remain
stable in flight and their sectional density remains constant regardless of yaw.

Fig. 3-14. Wound channel
of a 9 mm Luger deforming
bullet (QD P.E.P.) in soap.
Same scale as Fig. 3-13.




3.2 Processes in the wound channel; the temporary cavity 105

This means that it is possible to ignore many parameters, such as bullet length, tip
form, angle of incidence at point of impact and speed of rotation about the longi-
tudinal axis. Experiments that involve firing spheres into gelatine and soap targets
have been described in many publications.

SCEPANOVIC (1979) used 6 mm steel spheres, fired at different velocities, and established a rela-
tionship between impact velocity on the one hand and penetration depth and wound channel vol-
ume on the other. The mean deceleration is determined by keeping the drag coefficient constant. It
is interesting to note that the diameter of the channel decreases along its length, becoming signifi-
cantly less than the diameter of the sphere towards the end. JEANQUARTIER and KNEUBUEHL
(1983) fired 6, 8 and 10 mm spheres into ballistic soap with a somewhat reduced water and alcohol
content (and hence higher viscosity) and observed reduced penetration depths. However, the geo-
metric form of the wound channel and its other characteristics — especially the reduction in di-
ameter to less than the diameter of the sphere — remained analogous.

NENNSTIEL (1990) went a step further in studying the passage of a sphere through a dense me-
dium, determining the relationship between drag and instantaneous velocity using high-speed
photography. These experiments revealed that as velocity decreased, the drag coefficient related to
the diameter of the sphere increased sharply. It is interesting to note that in many cases the sphere
did not come to a standstill at the end of the effective wound channel. WATKINS et al. (1982) con-
ducted comparison experiments using gelatine and soap (manufactured to Swedish specifications).
They discovered a close correlation between time/distance measurements in the two materials.

Spheres produce wound channels that correspond very closely to those that one
would expect on the basis of Eqn 3.1:11. As sectional density remains constant,
one can also take ‘R as constant. For such cases, Eqn 3.1:11 predicts an exponen-
tial decrease in the volume of the channel, and hence of its diameter. This is
largely confirmed by the experiments (see Fig. 3-15).

Natural and pre-formed fragments. To minimize energy loss along their tra-
jectory, pre-formed fragments are generally similar in shape to a sphere, taking
the form of cubes or short prisms.

Natural fragments, however, are created by the random disintegration of the
body of a shell or bomb, the body usually being made of steel. If large quantities
of explosive are used, and the body of the shell fragments sufficiently, the frag-
ments are often cuboid (i.e. all the edges of the fragment are approximately equal
in length to the thickness of the walls of the shell). If less explosive is used, the
fragments are often longer, and may well have a length-to-width ratio of between
4:1 and 6:1.

As no stabilizing forces act upon fragments in flight, their orientation on im-
pact with the body is random. However, as soon as a fragment touches the target,
the same stabilization mechanisms comes into play as with the full metal-jacketed

Fig. 3-15. Wound
channel created by a
5.54 mm steel sphere.
Fired from left.

Impact velocity approx.
1 500 m/s.
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bullet in the third section of the wound channel (see Fig. 3-8).

Fragments therefore maintain a virtually constant sectional density in the body,
generally with the largest surface facing forwards. As a result, the diameter of a
fragment wound channel is greatest at the entry wound and becomes progressively
smaller.

The largest wound area is therefore visible from the outside in the case of fragment wounds. No
major tissue damage resulting from a temporary cavity is to be expected inside the body.

For a given mass and impact energy, spherical fragments will penetrate most
deeply and create the smallest entry wounds, as they have the greatest sectional

density. Longer fragments create large entry wounds but do not penetrate as far
(see also 3.2.3.4 and Fig. 3-27).

Unstable bullets. There are two types of “unstable” bullet:

— previously stable bullets that have ricocheted off an object;
— bullets fired from a shot-out barrel.

In the first case, the bullet executes a periodic movement with a large angle of in-
cidence after the initial impact (nutation, see Fig. 2-51). This angle may well be
close to 90°. After a few hundred metres (the exact distance depending on the
calibre) gyroscopic stabilization causes these ricochets to resume stable flight,
though possibly with the tail forwards. In the second case, the bullet receives too
little rotation in the barrel, and is hence unable to attain stable flight. It therefore
tumbles throughout its trajectory, the axis of rotation being maintained constant
by the gyroscopic effect.

In both cases, the bullet is incapable of creating a narrow channel (see Fig. 3-16).
It turns perpendicular to its direction of travel immediately on penetration and
moves through the medium as described in 3.2.2.1 (third section, BQ). Temporary
cavities are created immediately after impact, and if the impact energy is high
these cavities can be extremely large.

The wound channels of unstable bullets are very similar to those caused by fragments of similar
energy and sectional density.

Deforming bullets that have ricocheted do not mushroom, but behave like full

Fig. 3-16. The wound channel of a
ricochet in soap. Bullet fired from left.
The bullet struck the block with a large
angle of incidence and immediately
turned so that it was perpendicular to
its direction of travel.
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metal-jacketed bullets that have ricocheted, as it is no longer possible to create the
pressure at the tip that would be required to cause them to deform.

3.2.2.4 Possible types of wound channel.

From 3.2.2.1 to 3.2.2.3, we can distinguish between five types of wound channel.
These are shown in Table 3-2. The illustrations are self-explanatory.

Table 3-2.  Possible types of wound channel (illustrations approximately to scale).

Type of Full metal-jacketed and solid bullets Deforming and fragmentation bullets
weapon

Rifle

Handgun

Fragment

3.2.2.5 Physical models

Aims. While qualitative descriptions are useful as a means of understanding a
physical process, predicting the behaviour of a particular bullet in a soft medium
requires a physical/mathematical model. The first step is to take known bullet
parameters, such as mass, moments of inertia, position of centre of gravity, form
and structure, together with such ballistics data as velocity, speed of rotation and
angle of incidence at point of impact, and use these to derive equations describing
the orientation and movement of the bullet within the medium. In a second phase,
it could be possible to use material-specific values to calculate stresses in the
jacket of the bullet, which in turn would enable us to predict the deformation and
fragmentation of the bullet.

We shall now discuss known approaches to modelling from the literature, and
indicate opportunities for building on these and improving them.
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Simple laws of deceleration. As the energy transferred from the bullet to the
medium (the tissue) is clearly of primary importance for the effectiveness of the
bullet, most existing models limit themselves to describing the change in velocity
of the bullet (or, more accurately, of its centre of gravity).

As we have already indicated in 3.1.3, one obvious approach is to use the
principles of drag from fluid dynamics. Drag is assumed to be proportional to
velocity squared, to density and to a reference area:

(3.2:1) a = —CD-;p-vz-é. [m/s?]
m

If we can ignore internal friction, the dimensionless drag coefficient Cp becomes a

function of the Mach number, i.e. of velocity. If, however, inertial forces are very

small compared to friction, then we generally use Stokes’ approach, with a linear

relationship between drag on the one hand and velocity and viscosity on the other.

(3.2:2) F=-am=-C-lnvr. [N]

By introducing the Reynolds number, we can write the equation as in Eqn 3.2:1,
with Cp expressed as:

(3.2:3) C, = i:(}ie. [-]

Most authors take the approach represented in Eqn 3.2:1, generally with the cross-
sectional area of the calibre as the reference area. If we determine the relationship
between time and distance, it is possible to calculate the drag coefficient, at least
approximately. It is to be expected that this value will not be constant. Rather, it
will depend on both the Mach number (i.e. on velocity) and on the Reynolds
number (viscosity), as in aerodynamics. In a simple model, however, all
parameters are assumed to be constant, with the exception of velocity. We
therefore obtain the following equation:

(3.2:4) a = % = —R-v?, [m/s?]
with retardation coefficient

C,-p-A
(3.2:42) R = %. [m]

From this we can derive the equation in which we are interested — that of energy
transfer per unit distance:
dE

(3.2:5) E!, = - M =-2R1Imv'=-2RE. [Im]
S

We shall discuss the solutions of these equations in 3.2.3.2.
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Fig. 3-17. Idealized conical
form of a temporary cavity
created by a cylinder. Tumbling
absent due to shoulder
stabilization.

If the sectional density of the projectile remains constant (as with a sphere or a
cylinder of which the axis coincides with the trajectory), the diameter of the cavity
will decrease along its length (see Fig.3-17), and its boundary will follow an
exponential curve, except in the area immediately following the entry wound.
This allows us to conclude that R is constant. Using Eqn 3.2:4a, this in turn makes
it reasonable to assume that the drag coefficient Cp, is also constant.

More advanced models. The above models are highly simplified. As a result,
they are unable to predict such important elements as penetration depth or the
formation of the temporary cavity. PETERS (1990a,b) therefore proposed extend-
ing these models by including the forces that cause irreversible deformation of the
material, in addition to the inertial forces. His approach therefore includes not
only fluid dynamics equations but also mechanical equations, some of which were
derived empirically:

1

2 1
(3.2:6) a = —CD-%~p~%~ Vi Gj o2k P s

The second addend, which is proportional to the square root of v/k, describes the
deceleration component responsible for deformation. The corresponding
proportionality factor is derived empirically for a 6 mm projectile, while ue is a
material-dependent parameter and is known as the characteristic velocity. Using
further models for the angle of incidence, for the formation of the primary cavity
and for tissue damage, it is possible — for simple projectile shapes — to obtain
adequate correlation between calculations and measurements.

A further extension to the model relies entirely on a fluid dynamics approach to
the motion of a bullet, this time taking account of viscosity. Unlike the equations
discussed above, this model only includes that part of the bullet’s surface that is in
contact with the medium, as pressure and friction forces can only act on this
surface. Separating the two corresponding deceleration components gives:

1
(3.2:7) a = —pv [c-A,(vm) + Co-A (v . [/
Where Cp is a function of the Mach number and Ck is a function of both the Mach
number and the Reynolds number.
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The part of the bullet tip in contact with the medium determines both the cross-
sectional area A, that determines the compressive forces and the area A, that
determines the friction forces. Both are dependent on the flow-off angle of the
medium which, in turn, is determined by velocity and viscosity. If it were possible
to calculate this angle as a function of v and n, it would be possible to calculate
the magnitudes of the compressive and friction forces, together with their contact
points, and so to determine the yaw angle of the bullet.

3.2.3 The temporary cavity
3.2.3.1 Phenomenology of the temporary cavity

The energy that the bullet transfers to the medium accelerates the medium sur-
rounding the path of the bullet away from it radially. This creates a hollow space
behind the bullet and, initially, a vacuum. Because of inertia, the cavity only
reaches its maximum diameter at any given point when the bullet has already
passed that point.

The cavity is filled with air from the entry wound (and from the exit wound if there is one). It also
contains water vapour from the medium (water, gelatine, soap, muscle, etc.).

The front part of the bullet starts to separate the material and push it apart (see ri-
fle bullet in Fig. 3-3). Initially, the rear part of the bullet has no contact with the
medium and is therefore not subject to compressive forces. However, as a rifle
bullet yaws in the wound channel, the rear part does eventually come into contact
with the medium.

The maximum radial extent of the cavity clearly depends on the elasticity of
the medium or, more precisely, on its Young’s modulus. The higher the Young’s
modulus, the greater the forces tending to return the particles to their original po-
sition.

In the case of water, Young’s modulus is replaced by hydrostatic pressure. If all other conditions

remain the same, then the higher the water pressure (i.e. the greater the depth), the smaller the
cavity. OTTOSON (1964) observed this phenomenon during his experiments.

The cavity collapses after a few milliseconds, as part of the bullet’s energy is con-
verted into the elastic energy of the tissue. In most cases, that energy is not fully
used up in creating the cavity. A second cavity is created. This second cavity is
smaller than the first, as less elastic energy is available. This process of creating
cavities is repeated until all the energy has been used up; the cavity pulsates. Fi-
nally, the energy is converted into heat via pressure waves and internal friction.

The duration of a pulse Tty depends on the energy transferred to the medium
from the bullet, E,p. Duration is given by:

(3.2:8) T = 2-3E, . [ms]
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p [bar] Fig. 3-18. Typical graph of pressure against
) time for pulses in tissue associated with the
10 _r : temporary cavity (after HARVEY et al. 1946 ).
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If E,, = 450 J, for instance, Tty = 15 ms, while if E;, = 3600 J, Tty = 31 ms.

Liu et al. (1988b) carried out experiments with a 7.62 mm NATO bullet (approx. 3200 J) in
water, recording an interval of 24 ms between the first and second pressure peaks and 20 ms be-
tween the second and third. The corresponding values for a 5.56 mm M193 bullet were 22 ms and
16 ms respectively.

The number of pulses clearly depends on the internal friction of the medium.
Seven to eight pulses were observed in water, and a smaller number in tissue. The
authors cited above observed three pressure maxima in water, on the basis of the
peaks on the oscillogram.

Pulses associated with the passage of a bullet follow a characteristic pattern, as
measured by HARVEY et al. (1946).

The pulses can be divided into two phases (see Fig. 3-18):

1. An initial shock wave with a very high pressure peak, which initially propa-
gates at a velocity greater than the speed of sound c in tissue (approx. 1400 m/s to
1500 m/s).

The propagation velocity of a shock wave increases with pressure and hence exceeds the speed of
sound ¢, which is defined as the propagation velocity of small disturbances. For instance, the
propagation velocity of a shock wave in water (¢ = 1465 m/s at 20°C) is 2230 m/s for a pressure
peak of 5 kbar (500 MPa) and 2755 m/s for a peak of 10 kbar.

This shock wave is created by the sudden displacement of tissue in the wound
channel. Initially, because of the inertia of the tissue, only the area at the point of
impact is subjected to a high degree of compression, creating a shock wave. The
wave front is very steep; the time 1, required for the pressure to rise from zero to a
maximum is of the order of a few microseconds. The pressure amplitude of the
wave can be calculated approximately as described in 2.1.4.4 (Eqns 2.1:62
and 63).

The shock wave does not actually move tissue from one place to another,
unlike the temporary cavity, which displaces large masses of tissue. Nevertheless,
the shock wave can cause certain effects, which we shall discuss later.

2. The pressure fluctuations in the second phase are caused by the pulsations of
the temporary cavity. The particles are accelerated radially. A cavity is therefore
created, of which the diameter depends on the magnitude of the energy transferred



112 3 General wound ballistics

by the bullet E'5,. A virtual vacuum forms behind the temporary cavity, which is
then filled by air entering via the entry wound.

The temporary cavity causes a number of changes in the body of the person or
animal. We can distinguish between:

1. The temporary (wound) cavity.
2. The extravasation zone.

3. The permanent wound channel.

The extravasation zone and the permanent wound channel result from the tempo-
rary cavity. The permanent wound channel is not the same as the geometrical
wound channel — it does not form a “tube” with the same cross-sectional area as
the bullet. Rather, the diameter of the permanent wound channel at any given
point corresponds to the energy transferred by the bullet at that point and is hence
related to the size of the temporary cavity at that point. The permanent wound
channel is, however, smaller than the temporary cavity.

The wound channel is marked by an area of crushed and torn tissue containing
large amounts of blood. The reason for this damage becomes clear when one
looks at what happens to the area when the temporary cavity is created (see Fig.
3-19 ¢). The tissue close to the wound channel is stretched considerably by the
formation of the temporary cavity. Geometrically, these areas form hollow cylin-
ders. These “tubes” of tissue expand considerably, and the tissue is torn (Zone 2 in
Figs 3-19 b and ¢). Not surprisingly, the stretching of the tissue decreases with ra-
dial distance from the wound channel; the stretching is inversely proportional to
distance from the wound channel. There is therefore a ring of tissue around the
wound channel, within which the tissue is torn through having been overstretched.
The radius of this zone depends on the radius of the temporary cavity and, of
course, on the resistance of the tissue to tearing. There is a fixed numeric ratio
between the radius of the temporary cavity and that of the permanent wound
channel, as we shall see later.

Fig. 3-19. Schematic illustration of tissue displacement due to formation of the temporary cavity.
Section through a block of tissue: a. before impact (showing the position of the geometric wound
channel), b. shortly after impact (when the temporary cavity is at its maximum) and c. after the
bullet has come to rest (permanent wound channel).

+: Geometric wound channel. 1: Destroyed tissue. 2: Extravasation zone. 3: Stretched but
undamaged tissue. 4: Unaffected tissue.
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The permanent wound channel is surrounded by the extravasation zone (Zone 2
in Fig. 3-19). This zone is characterized by small areas of bleeding (those closer to
the wound channel being more intense than those further away) and the absence
of macroscopic destruction. The term extravasation comes from Latin ex-
tra = out of and vasa = vessels and here refers to blood leaking out of blood
vessels. Here again, the mechanism is easy to understand. In this zone, the
stretching caused by the temporary cavity is not sufficient to tear tissue, but is suf-
ficient to affect those elements most sensitive to stretching, i.e. the capillaries.
There is a mathematical relationship between this zone and the size of the tempo-
rary cavity.

If one considers the geometry, it is clear that the circular stretching of the skin around the entry
wound is inversely proportional to distance from the centre of the wound. This circular area of
stretched skin forms the “lid” of the temporary cavity. This conclusion is supported by observation
of the skin around the entry wound; the wound is usually surrounded by a clearly visible zone of

micro-tears, forming a circular patch of red skin. The colour is more intense towards the centre,
where damage to the capillaries is greatest.

The volumes of these zones are proportional to the energy transferred to the tissue
from the bullet, E,,. We can therefore write:

(3.2:9) V = u-E, . [cm’]
Values of p:

Temporary cavity 0.77 cm’/J

Extravasation zone 0.35 cm®/J

Permanent wound channel 0.03 cm?/J

These values are for muscle tissue. Measurements conducted by FACKLER et al.
(1986) give a p of 1.26 cm®/J for the temporary cavity in gelatine (firing 6 mm
steel spheres into 10% gelatine at 4°C) and 0.16 to 0.20 cm’/J for soap. See 3.3 for
further details. In water, close to the surface, the value of p in the temporary cav-
ity is 8.7 cm’/J. The reason for the value of u in water being 11 times that en-
countered in muscle is that water has a lower cohesive force. The temporary cav-
ity is approximately 26 times larger than the permanent wound channel (0.77/0.03).
The ratio between the diameter of the permanent wound channel and that of the
temporary cavity is approximately 1:3.

In the case of simulants, the value of p also depends on how the experiment is
set up — the physical properties of the material, the size of the block, etc. Main-
taining the same arrangement and keeping conditions constant can produce sur-
prisingly accurate results (see 3.3.2, 3.3.3 and 3.3.4). It is important that the block
be large enough that u remain unaffected by such peripheral effects as swelling
around the temporary cavity or cracking of the block.

The temporary cavity is far less able to “breathe” if the medium through which
the bullet passes is enclosed. In the human body, this may be the case when a
bullet passes through the head, the heart or a full bladder. In the case of these
fluid-filled hollow organs (brain can be seen as a fluid from a ballistics point of
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Potythene tuhe Fig. 3-20. Head model for measuring pressure
as a bullet passes through (after WATKINS 1988).
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view) the casing allows significant build-up of pressure, which can burst the organ
if sufficient energy is present. This is referred to as hydraulic shock. As the pres-
sure builds up in a virtually immobile fluid, the terms “hydrodynamic” or “hydro-
static” shock are inappropriate. The pressure in the fluid in these hollow organs
acts in all directions and if the organ bursts, pieces indeed fly in all directions.
Fragments are no more likely to be propelled in one direction than another — not
even in the direction in which the bullet is travelling.

Of all the hollow organs, the skull is of particular interest. Unfortunately, few
authors have conducted pressure measurements in the skull during and after the
passage of a bullet. This may be partly due to the practical difficulty of producing
a head model capable of representing the human skull with a reasonable degree of
accuracy.

WATKINS et al. (1998) looked at the problem of skull pressure measurements.
We shall consider the most significant of their results. Their head model is shown
in Fig. 3-20.

Dried Asiatic skulls were used that had been kept in a 0.9% saline solution for seven days prior to

the experiment. The skulls were then filled with 20% gelatine and covered with two layers of
leather soaked in gelatine.

Fig. 3-21 shows a typical pressure curve obtained as a bullet passes through one
of these skulls. At the beginning of the process (see Fig. 3-21 for details) we
observe a pressure peak of just under 70 bar, which corresponds to the shock
wave emanating from the tip of the bullet. This is followed by a series of pressure
peaks, which correspond to reflections off the walls of the skull. In order to obtain
the pressure due to the pressure wave produced by the temporary cavity, the high-
frequency signals of the shock wave were filtered out using a low-pass filter. The
result is shown magnified in Fig. 3-21. In addition to the maximum, of just under
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Cuerpragsure [kFa] Fig. 3-21. Pressurein a
ET skull. Pressure sensor
000 1 positioned as shown in
Fig. 3-20.
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22 bar, we can identify pressure peaks caused by the pulsation of the temporary
cavity. Table 3-3 presents a summary of the values measured.

Fig. 3-22 shows maximum pressure against energy and indicates that there is a
linear relationship between maximum pressure and the energy of the bullet. The
table also shows the pressures produced when a bullet ricochets off the skull
(when the bullet strikes it at an angle). Not surprisingly, the pressure values in
such cases are lower than when the bullet passes through the skull, as a bullet that
ricochets only transfers a small part of its energy to the skull, with the amount of
energy transferred depending on the angle.

It would be useful at this juncture to mention experience from forensic practice
regarding the effects of bullets on the human skull.

9 mm Luger bullets always cause a large number of significant bursting injuries to both the cal-
varium and the base of the skull. A 7.65 Browning bullet causes only fracture lines and bullets
from 6.35 Browning and 22 rimfire cartridges leave only entry holes. On close examination, how-
ever, one usually finds fracture lines in the anterior cranial fossa. This is the site of the roof of the
orbital cavity, which often consists only of a paper-thin bone. These fractures cause bleeding in the
soft parts of the orbital cavity, producing the “panda eyes” effect.

Table 3-3. Pressure in a skull as a bullet passes through

Projectile (steel sphere) Maximum pressure

Size, channel v E Shock Quasistatic
[m/s] [N [bar] [bar]

6 mm transverse 205 18.7 7.90 0.75

6 mm transverse 450 90 16 4.30

6 mm transverse 806 290 69 22

3 mm transverse 459 11.8 7 0.65

3 mm transverse 1316 97 45 8.5
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[thsi]slnt ¢ plessire Fig. 3-22. Maximum
pressure (y-axis) against
bullet energy (x-axis).
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As one would expect from theoretical studies and from the experiments described above con-
cerning the pressure inside the skull, rifle bullets, with their high energy levels, have a far greater
effect than handgun bullets. A direct hit to the skull at short range — not a ricochet — very often
leads to bursting of the skull and destruction of the brain. Tangential hits often destroy the top of
the skull but leave the brain lying relatively undamaged next to the corpse (this is known as a
“Kronlein shot”).

HARVEY et al. (1946) described pressure fluctuations in the abdomens of anaes-

thetized cats as a result of the temporary cavity created by a shot fired into the up-
per thigh. TIKKA et al. (1982a) conducted experiments on pigs.

A Kistler 42213 pressure transducer was implanted in the abdominal cavity via a small incision.
The bullets were fired at the middle part of the upper thigh. The cartridges used were as follows:
7.62 x 39 S 309 (Finland), 7.62 x 39 ts D pv (USSR) and 5.56 x 45 M 193 (USA). The ranges
were 30 m and 100 m.
On the basis of their measurements, the authors came to the following conclu-
sions:

The pressure fluctuations in the abdominal cavity as a result of shots to (or
through) the upper thigh depended on:

— the amount of energy transferred from the bullet to the tissue;
— the distance between the temporary cavity and the abdominal cavity;

— the anatomy of the target.
Maximum pressures of up to just under 1 bar were measured.

There was only a very loose relationship between energy transferred and maximum pressure fluc-
tuation Ap. For instance, E,, = 107 J: Ap = 0.98 kPa. E,, =200 J: Ap only 0.1 kPa (extreme exam-

ple).

These pressure values are for the abdominal cavity, not the blood vessels. It is rea-
sonable to assume that the pressures in the blood vessels were of the same order
of magnitude.
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3.2.3.2 Quantitative description of the temporary cavity

OTTOSON (1964) established that if sectional density remains constant, then the
diameter d of the temporary cavity at a given penetration depth s along the bullet
track is proportional to the velocity v at that point:

(3.2:10) ds) = C-v(s), where C is constant. [m]

From the above and from the following equation for velocity (derived from
Eqn 3.2:5)

(3.2:11) v(s) = v e, [m/s]

introducing energy in place of velocity allows us to derive the following equation
for the volume of the temporary cavity:
n-C*

(3.2:12) V = ~~ (E

-~ E ). m’
oo (B By [m']

Where E, is the residual energy after the bullet exits the body and the term in pa-
rentheses corresponds to energy transferred E,,. The expression to the right of the
equals sign is summarized as the constant p, thereby proving Eqn 3.2:9.

OTTOSON’s empirical approach therefore confirms MARTEL’s theory (see 2.3.7.3).

Eqn 3.2:12 only holds good if the retardation coefficient R (which depends on the
angle of incidence of the bullet, and hence on its instantaneous sectional density)
remains constant. This equation is therefore valid only for bullets with a constant
sectional density. If R changes as the bullet passes through the target, it will not
be possible to establish a straightforward relationship between volume and energy
transferred.

For the next approach, we shall once again use Eqn 3.2:9:

V = u-E, . [cm’]

E.b is replaced by the sum of the products of E', and the corresponding sections
of the bullet track As:

(3.2:13) Vo= u-D Ej-As. [cm’]
If we consider only one section As at position sy, then from 3.2:13 we obtain:
AV
(3.2:14) (A] = u-ElL(sy) . [cm?]
s
So

This equation has serious consequences for the wounding potential (effectiveness)
of a bullet. It shows that the cross-sectional area of the volumetric element (disc
of thickness As) at a point sy along the track depends on the energy transferred
from the bullet at that point. As the value of E'y, at a given point along the track
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determines the magnitude of the cross-sectional area, the curve of E’y, corre-
sponds to the form of the temporary cavity.

The curve of E', against distance along the bullet track depends on the form
and design of the bullet. Spheres, and other projectiles of constant sectional den-
sity, transfer their energy to the medium in a regular fashion, in accordance with
an exponential function. From Eqn 3.2:5, we can derive the following equation:

(3.2:15) EGs) = E, -e™, ]

a

using the above, together with Eqn 3.2:9, we obtain the following after rearrang-
ing the terms (where d is the diameter of the temporary cavity and C* is a con-
stant):

(3.2:16) dis) = 2-C -e?™ . [m]

Projectiles with a constant sectional density therefore cause temporary cavities
(and hence permanent wound channels) of which the diameter decreases exponen-
tially. For further details on this relationship, please see 4.4.2.2, which deals with
the geometric form of the wound channel caused by a fragment of approximately
constant sectional density.

3.2.3.3 Influence of impact conditions and bullet characteristics

General. The proper motion of a bullet in flight (the movement of the axis of the
bullet about its centre of gravity) was discussed in 2.3.4.4. Under the constant ef-
fect of drag, the axis of the bullet describes a hollow cone about the direction of
flight (precession). In the event of a sudden disturbance to the flight of the bullet
(e.g. if it strikes an object) a second conical movement, known as nutation, is su-
perposed on the first (see Fig. 2-51), causing the axis of the bullet to rotate about
the direction of flight, at a constantly changing angle of incidence. As long as the
bullet is spinning sufficiently fast, it will not tumble (i.e. yaw).

Motion inside a dense medium is quite different. As mentioned previously, the
bullet initially remains stable under the influence of the gyroscopic effect and
transfers comparatively little energy to the target. This is the “narrow channel”
phase. The angle of incidence then increases extremely rapidly over a relatively
short distance due to positive feedback. The bullet yaws and then continues its
forward movement while undergoing heavily damped oscillation about a trans-
verse axis. The bullet always stabilizes perpendicular to its direction of move-
ment, as long as it is shape stable.

We shall now see how the length of the narrow channel (NC) is determined by
the ballistic characteristics of the bullet at the point of impact and by its dimen-
sions.
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)

Fig. 3-23. Relationship between the angle of incidence at the moment of impact and the length
of the narrow channel. As the distance between muzzle and target (SE) increases, the bullet
becomes more stable, the angle of incidence decreases and the length of the narrow channel
increases. Experiments conducted by the author (KNEUBUEHL). Bullet fired from left.

a. SE =30 m, b. SE =100 m, ¢. SE =300 m.

Relationship between the length of the narrow channel and the angle of inci-
dence at the moment of impact. The angle of incidence , of a bullet as it
strikes a dense medium has a decisive effect on the way it moves within the me-
dium, and especially upon yaw. A large angle of incidence causes the bullet to
yaw rapidly and results in a short NC. If the angle of incidence is small, this sud-
den yaw occurs later and the NC will be longer. This can be demonstrated empiri-
cally by increasing the distance between muzzle and target, as the angle of inci-
dence decreases with increasing distance, as long as the bullet is in stable flight.
See 2.3.4.4 and Fig. 3-23 a-c.

The question arises as to what defines the NC, i.e. as to how one defines its end. An angle of inci-
dence of as little as 10° results in a significant lateral force (approx. 17% of the drag) and a corre-
spondingly large overturning moment. Under such conditions, one can fairly confidently assume
that yaw has commenced. Geometrically speaking, this angle of incidence corresponds to an in-

10 mm

calibre 7.62 x 51 7.62 x 39 556x45 556x45 5566x45 545x39
bullet M 80 S 309 S§ 92 SS 109 GP 90 —
weapon M14/G3 AK 47 M 16 M16A4 Stgw 90 AK 74

Fig. 3-24. Bullets for military weapons.
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crease in the diameter of the wound channel of approximately 20%, which is the criterion defining
the end of the NC. If all bullets are assessed in the same manner, there can be no objection to this
approach.

The author’s own experiments using a variety of bullets (see Fig. 3-24) fired at
ballistic soap made it possible to investigate the relationship between the angle of
incidence and the length of the NC more closely (KNEUBUEHL and MAISSEN
1978).

In order to determine the influence of the angle of incidence at the point of im-
pact, a simple system of equations of motion was set up that describes the motion
of the bullet’s centre of gravity and its rotation about a transverse axis through its
centre of gravity (yaw). This system of equations involves a drag coefficient Cp
and a normal force coefficient Cn. See “Flow forces” in 2.1.4.4. The normal force
coefficient is defined in a manner analogous to the lift force coefficient Cp of
Eqn 2.1:65 except that lift acts perpendicular to the direction of movement, while
the normal force acts perpendicular to the axis of the bullet. With the aid of this
system of equations, best-fit calculations were performed using the narrow chan-
nel lengths determined empirically. These calculations yielded the initial angle of
incidence for each length of NC'.

Table 3-4. Length of the narrow channel as a function of the angle of incidence , at the
point of impact.

No.* Calibre Va AP Cno Ine Yo d Ine Ly/1g f
[m/s] [-] [mm] [’] [mm] [1/m-kg]
1 7.62x51 760 40 2.30 81 1.45 92 6.9
102 0.73
2 7.62x39 680 36 1.75 84 0.94 83 9.08
94 0.65
3 556x45 930 55 2.10 64 1.15 67 24.90
80 0.55
930 32 2.10 74 0.73
93 0.31
4 5.56x45 905 32 2.65 53 2.20 72 20.57
905 55 2.65 30 5.30
44 3.20
5 5.56x45 875 45 2.50 81 0.77 75 19.13
6 5.45x39 870 36 3.00 62 1.55 73 20.74

The numbers correspond to the drawings of bullets in Fig. 3-24.

Twist length, measured in calibres.

Determined empirically (range: 30 m).

Determined from the data obtained empirically.

Calculated taking yo = 1°.

Length of bullet divided by lateral moment of inertia multiplied by 10.

- 0 a6 o

' A full explanation of this system of equations is to be found in the previous edition of the

present work. SELLIER K.{, KNEUBUEHL B., Wundballistik und ihre ballistischen Grundlagen,
Springer-Verlag, Berlin, 2™ edition, 2001
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14 Ne Fig. 3-25. Relationship between
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Table 3-4 lists the results of the experiments and of the calculations based on
them. For bullets 1 to 4, those shots that had yielded the longest and shortest
straight narrow channels were selected from six shots. The values for bullets 5 and
6 are typical individual values.

Plausible values were obtained for the angle of incidence, even when (in the
case of bullets 3 and 4) the same bullets were fired with varying degrees of stabil-
ity (achieved by using barrels with different twist lengths).

Using this system of equations, it is also possible to calculate the influence of
the impact conditions and the bullet parameters, if the latter are more or less con-
stant. From Fig. 3-25, we can see that — under this condition — the length of the
narrow channel is greatly influenced by the angle of incidence but — within a cer-
tain range — is affected only minimally by the impact velocity. Likewise, the drag
coefficient of the bullet C*py can vary across a wide range without significantly
affecting the length of the narrow channel, whereas C*yy, the bullet parameter that
determines lateral force, has a very pronounced effect (see Fig. 3-26).

Example:  According to WARKEN (1982), the mean angle of incidence at 30 m for a 7.62 mm
NATO round is 0.95°. An extensive series of experiments conducted by the author

Cne

20 }

fem]

107 Bo Fig. 3-26. Relationship between the
length of the narrow channel (/xc) and
bullet parameters.

C*py: Drag coefficient relative to
effective surface in contact with the
medium.

C*xo: Corresponding lateral force
coefficient.

*
CNO
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(KNEUBUEHL) yielded a mean narrow channel length of 85 mm for the same bullet at
the same distance.

One obtains the same length from the equations above if the (plausible) value of
2.3 is used for the constant C*y,. As we have seen, the other constants are of
secondary importance.

Relationship between narrow channel length on the one hand and the length
of the bullet and its lateral moment of inertia on the other. For a given angle
of incidence, the point at which the bullet starts to yaw in a dense medium de-
pends largely on the ratio of bullet length to lateral moment of inertia (¢4/Jq). This
ratio is shown in Table 3-4, together with the corresponding narrow channel
length, calculated using the system of equations described, with a constant angle
of incidence.

It is now possible to write an equation for the relationship between the quotient
ly/]q (calculated from the bullet characteristics) and the calculated length of the
NC /nc for the bullet concerned. At a range of 30 m:

0.212
J
(3.2:17) lw = 316- {;J , where r=0.98 . [m]

g

The first thing that becomes apparent is that the smaller-calibre bullets, Nos 3 and
4, produce a shorter narrow channel than the 7.62 mm bullets. This is due to the
ratio //Jq being higher for the smaller-calibre bullets. Generally speaking, short
bullets and bullets with a high lateral moment of inertia produce long narrow
channels.

When, during the Vietnam War, the US forces used their M 16 assault rifle with the corresponding
ammunition, and saw that the wounds it caused were considerably more severe than with “con-
ventional” bullets, the reaction was to blame the small calibre as such for the grim wounding po-
tential of the round. That this conclusion was mistaken is clear from the behaviour of newer small-
calibre bullets (e.g. No. 5), which behave significantly better in terms of narrow channel and de-
formation than the old 5.56 mm. It is possible to influence the length of the narrow channel sig-
nificantly by modifying the parameters of the bullet (e.g. its moment of inertia) and the twist
length of the weapon. Or, to put it differently, within certain limits it is possible to produce small-
calibre bullets with acceptable behaviour.

3.2.3.4 The effect of the sectional density of a bullet on the shape of
the temporary cavity

One might ask what happens, in terms of physics, if the velocity of a projectile is
increased while keeping Ey constant (which implies reducing mass). In order to
eliminate any effects linked to the angle of incidence, we shall initially just look at
spheres.

As mentioned above, energy transferred per cm E’yp is given by:

(3.2:18) E, = p-CD-é-E(s) = p-CD-l-E(S). [J/cm]
m q
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Fig. 3-27. Relationship between sectional density of a bullet
and shape of temporary cavity. Lowest sectional density at top,
highest at bottom. (Schematic, after SELLIER 1982).
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If E(s) remains constant, then E'y, depends only on 1/q and Cp. However, q is
proportional to k, which means that as the calibre of the sphere decreases the sec-
tional density will also decrease and hence the energy transferred E'y, will in-
crease. However, if E'y, increases, a smaller sphere will lose more energy than a
larger one, which means that penetration depth will increase. If we assume that
even the largest of the spheres used comes to rest inside the block — i.e. it transfers
all of its energy to the block, which implies that E,, is the same for every sphere —
then the volume of the cavity will also be the same for every sphere, as V = p-Eqp.
However, a larger value of E'y, implies a greater cavity diameter, as we saw ear-
lier.

In summary, therefore, smaller spheres produce a wound channel that is shorter
but has a larger radius of destruction. This is shown schematically in Fig. 3-27
(after SELLIER 1982). The effect of high levels of energy being transferred in the
case of small spheres fired at very high velocities is accentuated by the increase in
Cp as the velocity of the spheres approaches the speed of sound in water or media
with a high water content, such as gelatine and tissue (approx. 1500 m/s).

At these very high velocities a further effect occurs, which also tends to shorten
the wound channel. The pressure on the face of the sphere (the stagnation pres-
sure) is proportional to velocity squared. At about 2800 m/s, the stagnation pres-
sure exceeds the resistance of steel, and the sphere fragments in the tissue. The
fragments now form separate projectiles, and their sectional densities are lower
than that of the sphere. As a result, they are subject to much higher deceleration.
The fragments therefore transfer all their energy over a very short penetration
distance.

CHARTERS and CHARTERS (1976) experimented with steel spheres 6.35 mm
and 3.18 mm in diameter (1/4” and 1/8” respectively). The spheres were fired at
velocities of between 750 m/s and 5510 m/s. The authors confirmed the theoreti-
cal predictions outlined above; if spheres with the same energy but of different
mass are fired at a target, the smaller spheres will produce shallower cavities at
lesser penetration depths but with larger openings. At a v, of 2850 m/s and above,
the steel spheres fragment. As mentioned above, the resulting fragments achieve
only limited penetration depths (see Table 3-5).
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Table 3-5. Temporary cavity as a function of E,. (After CHARTERS and CHARTERS 1976)
Projectile Va E, Max. cavity Penetration ~ Condition of
depth projectile
%) %) Sec. Area  Vol.
[mm] [mvs] [J] [cm] [em’]  [em’] [cm]
6.35 750 295 7.1 39 423 26.6 Intact
3.18 1940 234 No data 15.6 Intact
3.18 2090 279 8.6 58 561 18.0 Intact
3.18 2850 518 9.8 75 488 5.2 Fragmented
3.18 2880 529 No data 8.2 Fragmented
3.18 5510 1936 14.3 160 1051 7.4 Fragmented

We can draw the following conclusions from Table 3-5: If the sphere remains intact, then despite
the values of E, being approximately the same, a smaller sphere penetrates less than a larger one.
See Rows 1 and 3. This is clear from Eqn 3.2:18. At a velocity of 2850 m/s — if not before — the re-
sistance of the steel is exceeded. The sphere fractures and penetration depth decreases substan-
tially, for the reasons mentioned above.

The authors saw the curve of Cp (see 2.1.4.4, Eqn 2.1:64) as a function of the
Mach number Ma. According to DUBIN (1974), the value of Cp in a medium
ranges from approx. 0.38 where Ma < 0.8 to 1.0 where Ma > 1. The authors con-
clude from this that when the velocity of the sphere exceeds the speed of sound
the temporary cavities “suddenly” become substantially shallower (see Eqn 3.2:18
regarding the relationship between energy transferred on the one hand and q and
Cp on the other). However, this statement is not supported by the measurements
published (Table 3-5). The results for the fragmented spheres cannot be compared
with those for intact spheres, as the conditions are qualitatively quite different; the
sectional density decreases as a result of the fragmentation (the total surface area
is greater) and, in accordance with Eqn 3.2:18, more energy is transferred, causing
the penetration depth to decrease considerably. As a result, it is completely impos-
sible to compare the penetration depths of the intact spheres with those that have
undergone fragmentation.

The authors’ (unconvincing) conclusions prompted FACKLER et al. (1986) to
conduct further experiments. Their approach was as follows: If one were to com-
pare the volume of the first part of the temporary cavity — from the entry wound to
a point approximately 10 calibres into the target (Veny) — with the total volume of
the temporary cavity (Vior), then the quotient Q = Vepy/Vior should change signifi-
cantly when the velocity of the sphere exceeds the speed of sound, as the sharp in-
crease in Cp at this point (Ma = 1) would also cause E'y, to change suddenly, as
E'yb is proportional to Cp. The experiments showed, however, that the function
Q v, produced a smooth curve to within the tolerances of experimental scatter.
Table 3-6 presents the principal results of the experiments.

However, the negative results of the experiments conducted by FACKLER et al. (i.e. no excessively
large cavity diameter at supersonic velocities) does not of itself constitute adequate proof that the
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Table 3-6. Results of experiments with 6 mm steel spheres (from FACKLER et al. 1986)
Va E, Vit Q a Penetration Diameter °
depth
[m/s] [J] [em’] [-] [cm] [mm]
392 960 330 0.20 41.0 6.00
537 1124 371 0.23 43.0 6.00
741 1320 890 0.09 48.0 6.00
918 1470 900 0.09 52.0 6.00
963 1505 1140 0.09 50.5 6.14
1107 1614 1175 0.09 49.0 6.19
1486 1870 1980 0.06 47.0 6.24
1675 1985 1690 0.13 30.5 6.90
' Q=Ve/Vier (see text). °  Diameter of sphere after experiment.

phenomenon does not exist, for the following reason:

Substituting p = 1000 kg/m®, q = 15.6 kg/m?* (for steel spheres 3.18 mm in diameter), Cp =1
and E, = 234 J into Eqn 3.2:18 shows that after only 1 cm (just under 2 calibres) the sphere has lost
150 J, which means that it has slowed to below the speed of sound in less than 1 cm (at the speed
of sound, a 3.18 mm steel sphere possesses about 140 J of energy). The authors considered the
cavity from the point of penetration up to a depth of 10 calibres, and used that to determine Ve,
empirically. However, most of that volume is created while the sphere is travelling at subsonic
speeds. Any effects attributable to the sphere moving at supersonic speeds would be hidden by the
excessively large volume taken into consideration (corresponding to a depth of 10 calibres). One
must therefore use a volume corresponding to a smaller penetration depth (approx.2 calibres,
according to rough calculations) to calculate the quotient Q (see above), in order to obtain reliable
results.

It is clear from these results that as the sectional density decreases, the initial di-
ameter of the temporary cavity increases and the penetration depth decreases. Any
sudden increase in the amount of energy transferred around Ma = 1 is of little sig-
nificance for the effectiveness of normal bullets, as the velocity of such a bullet
within a dense medium is lower than the speed of sound (Ma < 0.7).

In summary, one can say that the four parameters listed below are required in
order to describe the effect of a bullet, and that the extent and form of the
temporary cavity — factors that depend on the energy transferred — are the most
important:

1. Eab(s) — Energy transferred as a function of penetration depth (proportional
to the total volume of the temporary cavity up to penetration depth s).

2. E'a(s) — The gradient of the energy transfer function, which corresponds to
the local cross-sectional area of the temporary cavity at s.

3. The condition of the bullet during penetration (intact, deformed or frag-
mented).

4. Penetration depth.
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3.2.4 The effect of bullet design on behaviour

3.2.4.1 Categories of bullet

In this section, we shall discuss the changes that a bullet can undergo when pene-
trating and passing through tissue, ballistic soap and gelatine. We have already
looked at the general behaviour of deforming and fragmentation bullets in 3.2.2.1
(rifles) and 3.2.2.2 (handguns).

The factors that determine the nature and degree of the changes that a bullet
undergoes are its design, its impact energy and certain characteristics of the target
medium.

As far as changes in shape are concerned, we can divide bullets into three cate-
gories:

— shape-stable;

— deforming;

— fragmenting.

Generally, we distinguish between deformation and fragmentation by looking at
the mass of the largest fragment remaining after impact. If the mass of this frag-
ment is equal to at least 90% of the original nominal mass of the bullet, we speak
of deformation rather than fragmentation.

As regards their design, bullets can be divided into the following categories
(see also 2.2.2.1, Fig. 2-9 and the overview of bullet types and names in A.5):

— solid bullets;

— full metal-jacketed bullets (FMJ) — lead core, with jacket covering all but
the tail;

— semi-jacketed bullets (SJ) — lead core exposed at tip;
— hollow-point bullets (HP) — cavity in tip;
— solid bullets — bullets made of a single material and designed to deform on
impact.
However, many modern bullets — especially those designed for hunting — cannot
be assigned to one of these groups (see Fig. 2-24 for examples).

3.2.4.2 Deformation and fragmentation; general points

Until some point in the second half of the 20th Century, it was generally possible
to predict the behaviour of a bullet from its design, as long as it hit the target at
design velocity. One could assume that semi-jacketed and hollow-point bullets
would deform or fragment on impact with soft tissue or equivalent simulants.
There are, however, good reasons for designing bullets of these types that are not
intended to deform, or for which deformation would in fact be undesirable.
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If the most important factor is accuracy, then it is the tail of the bullet that must be manufactured
to close tolerances, more than the tip. The jacket is manufactured by drawing, and in such a case it
is useful if the tail rather than the tip can be drawn. However, this requires that the lead core be in-
troduced via the tip, which results in a bullet with an open tip, with the lead core exposed to a
greater or lesser extent. The Sierra Matchking is a typical example of this type of bullet.

Certain types of sport shooting (such as dynamic and silhouette shooting) involve firing at tar-
gets made of hard materials. For reasons of safety, it is important to minimize the risk of ricochets.
Solid lead and semi-jacketed bullets with exposed lead tips deform much more on hitting hard tar-
gets than do full metal-jacketed bullets, and hence are significantly less likely to ricochet. The risk
of jacket fragments flying back towards the shooter is also reduced.

Today, appropriate choice of copper alloy for the jacket, lead alloy for the core
and shape of bullet make it possible to manufacture semi-jacketed and hollow-
point bullets which, at the normal impact energies for the calibre concerned, either
do not deform at all or else deform so little that the cross-sectional area does not
increase. This means that it is now virtually impossible to predict whether a bullet
will deform in a given target medium purely on the basis of its design.

With deforming bullets, the increase in cross-sectional area depends not only
on bullet design but also — to a very large extent — on the impact velocity v,. Im-
pact velocity is often ignored when discussing the behaviour of bullets.

Examples: When a 38 Spl HP bullet fired from a long-barrelled revolver hits a soft target, it de-
forms as required. The same bullet, with the same cartridge, but fired from a short-
barrelled revolver, hardly deforms at all on hitting the same target, as it is travelling
much more slowly.

A hunting bullet that deforms as required at normal velocity penetrates the body

without deforming if it is fired into the air and falls tip-down. Its velocity under these
conditions is approximately 120 m/s — terminal velocity.

We can therefore assign two velocity thresholds to every deforming bullet: the
first (vpso) is the velocity at which the increase in cross-sectional area is only half
as great as before and the second (vpo) is that below which the bullet does not de-
form at all. The first threshold could limit the practical range for hunting. For
fragmentation bullets, there is a further threshold velocity: that below which no
fragmentation takes place.

In a soft, dense medium, deformation is affected not only by impact velocity
but also by the time for which the bullet tip is subjected to pressure. Under certain
circumstances, a bullet can pass through a thin layer of material so quickly that
there is no time for the work required for deformation.

Example: A wax candle that pierces a thin board at high speed undergoes virtually no deforma-
tion, as the impact time is very short and the force-time integral hence very small. Any
attempt to push the candle through the board slowly would completely deform it.

The design of the bullet and the materials of which it is made both play a decisive

role. Solid bullets made of copper alloys deform significantly faster than do con-

ventional semi-jacketed or hollow-tip bullets with lead cores.



128

3 General wound ballistics

3.2.4.3 Experimental results

Rifles. Under certain conditions, jacketed spitzer bullets for rifles — especially for
small calibres — can deform or even disintegrate. As long as this type of bullet
passes through the medium normally — i.e. tip first — the favourable ballistic shape
of the tip endures that the forces on the bullet remain relatively small. If the angle
of incidence increases, however, the bullet will present a larger surface area to the
medium. If the bullet is perpendicular to its direction of travel, a large force (up to
a few tens of kilonewtons) will be acting on a narrow meridian surface along the
side of the bullet. Depending on the impact velocity and the design of the bullet,
this pressure can compress the bullet, squeezing lead out of the rear, and the bullet
may break at the cannelure. If the forces are sufficiently large, the jacket will be
ripped open. This behaviour only occurs at short range, however (i.e. up to around

50 m).
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Fig. 3-28. Deformation/fragmentation of a 5.56 x 45 (223 Rem.) M193 bullet as a function of
impact velocity (with kind permission of FACKLER).
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11

Fig. 3-29. Deformation of the tail of a bullet in gelatine as a function of impact velocity
(KNEUBUEHL). From left to right: 600 m/s, 630 m/s, 670 m/s, 690 m/s and 710 m/s (7.62 x 39
bullet).

At low impact velocities (i.e. less than approx. 500-600 m/s) the bullet remains
undeformed and intact, even after turning through 90°.

Fig. 3-28 contains an instructive presentation of the results of bullet disintegra-
tion from FACKLER et al. (1988b). The points made above are illustrated very
clearly by the state of the bullets and bullet fragments (5.56 x 45 M193).

It is clear from the photos that crushing is much more pronounced in the rear,
cylindrical part of the bullet than in the leading part, the ogive. This is primarily
because the tip is stiffer and because the tail is either open or else sealed simply
by a thin brass disc.

It is interesting to note that deformation depends not on the calibre or form of
the bullet but merely on its design (full metal-jacketed, lead core). Similar defor-
mation is observed with 7.62 X 39 and 7.62 x 51 bullets at the same range of
speeds (see Figs 3-29 and 3-30). The velocity at which changes in shape begin
(approx. 600 m/s) remains approximately the same. In forensics, this behaviour
can be used to estimate the impact velocity. Bullets of the type under investigation
are fired into soap or gelatine repeatedly, adjusting the velocity until the deforma-
tion of the test bullet matches that of the bullet from the crime scene. This is then
the approximate impact velocity (FACKLER).

Handguns. The velocity of full metal-jacketed bullets fired from handguns is
generally substantially lower than the threshold of 500-600 m/s mentioned above.
As a result, the bullet undergoes no change in shape when fired into a soft me-
dium. However, deforming bullets deform in accordance with velocity and pene-
tration depth.
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Fig. 3-30. Deformation/fragmentation of a British 7.62 mm L2A2 NATO bullet in water as a
function of impact velocity (with kind permission of Lucien HAAG).
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This is illustrated by the results of systematic experiments (SELLIER 1982) that
involved firing NORMA SJHP bullets into 20% gelatine blocks of various thick-
nesses at various velocities. The results are shown in Figs 3-31 and 3-32 (see also
RAGSDALE and SOHN 1988, for instance). It is apparent that for a constant impact
velocity, deformation of the bullet becomes increasingly marked as the thickness
of the layer through which it passes increases (up to a certain limit), as long as
impact velocity does not fall below 200 m/s. Below that velocity, this particular
type of bullet does not deform.

Handguns clearly illustrate the greater tendency of solid copper-alloy bullets to
deform, by comparison with conventional lead-cored deforming bullets. Solid
copper bullets achieve maximum effectiveness (and hence maximum deforma-
tion) after penetrating just 2 to 4 cm, whereas this only occurs after 4 to 6 cm with
lead-cored bullets (see Fig. 3-33).

The first point of maximum energy transfer occurs somewhat earlier with non-deforming full
metal-jacketed bullets (greater energy for almost the same sectional density).

Deformation and penetration depth are also related to velocity in the case of solid
bullets. As impact velocity decreases, so does the diameter of the bullet tip after
impact, until a point is reached at which the bullet remains shape-stable. With the
9 mm Luger Action 4 bullet, for example, this point comes at around 230 m/s
(KNEUBUEHL and GLARDON, 2010, see Figs 3-34 and 3-35).

It is interesting to note the change in the depth to which the bullet penetrates
ballistic soap. This remains virtually constant at velocities of 400 to 460 m/s (tip
diameter of between 12.5 and 11 mm) but increases as the velocity drops further,
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reaching a maximum at approx. 270 m/s (see Fig. 3-34) before starting to decrease
again.
The increased penetration depth is accounted for by the increase in sectional density that

accompanies the decrease in diameter. This factor clearly has a greater influence than does the
falling energy level.

3.2.5 Patterns in bullet wounds to bones

If a bone is hit by a bullet of which the calibre is less than the diameter of the
bone, fracture is caused primarily by hydraulic pressure in the bone marrow. In
the absence of bone marrow (e.g. in the case of the shoulder blade), the bullet
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Fig. 3-36. Entry wound side of plastic bone.
Left: 9 mm Luger full metal-jacketed bullet
(impact energy approx. 500 J). Right: 7.62 mm
NATO full metal-jacketed bullet (impact
energy approx. 3 200 J). A 5 cm covering of
gelatine was used in both cases.

generally leaves a hole, with little fissuration. A fracture is therefore to be ex-
pected when sufficient pressure can be created in the marrow, i.e. when the pro-
jectile can transfer sufficient energy.

The amount of energy transferred depends on both the total available energy
and the time for which the bullet remains inside of the bone. This time is inversely
proportional to the velocity of the bullet.

If a relatively slow full metal-jacketed bullet from a handgun impacts the bone
in stable flight, it may cause as much damage as a substantially faster stable rifle
bullet carrying significantly more energy. Indeed, it may even cause more damage
than the rifle bullet. See Fig. 3-36.

If the narrow channel of a rifle bullet passes through a hollow bone, the bullet
will lose comparatively little energy (some 200 J at an impact energy of approx.
3000 J) and will undergo no deviation. The narrow channel will be somewhat
shorter, but any decrease in the size of the temporary cavity will be virtually un-
detectable (see Fig. 3-37).

Regardless of bullet type, the damage done to the bone by the pressure build-up
in the marrow corresponds approximately to the dimensions of the temporary ca-
vity (see Fig. 3-38). The pressure inside the bone will propel bone fragments in
the direction of the shot and in the opposite direction, with fragments entering the
temporary cavity. Bone fragments possess too little energy to create their own
wound channels outside the temporary cavity — they do not act as secondary pro-

Fig. 3-37. A bone pierced by a
full metal-jacketed rifle bullet.
The length of the narrow channel
is almost identical to that
observed in the absence of bone
(bullet fired from left).

E: Bullet entry. T: Start of
temporary cavity.
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Fig. 3-38. Bone damage corresponding to Fig. 3-39. Wound channel in gelatine after

the extent of the temporary cavity. bullet has passed through bone (model skull).
Semi-jacketed rifle bullet. Shot from front All bone fragments lie within the area
left. E: Bullet entry. previously occupied by the temporary cavity.

jectiles. After the temporary cavity collapses, the particles are always found
within the damaged tissue (see Fig. 3-39).

3.2.6 Bullet temperature and sterility

3.2.6.1 Historical background

The following discussion is based on the work of THORESBY and DARLOW (1967).

It is still a widely-held belief that a bullet is sterilized by being fired, and remains
sterile until it reaches its target. SPENCER (1908) stated that most bullet wounds
were initially aseptic. OGLIVIE (1944) assumes that bullets are generally sterile.
SLESINGER (1943) speaks of high velocity bullets as having a clean surface, ster-
ilized by heat. But as early as 1892, LAGARDE had stated in his work that if a bul-
let is not sterile before firing, it will not be sterile after firing. He based his con-
clusions on the work of German army doctor VON BECK, who had shown that the
maximum temperature of a bullet was approx. 110°C and that bullets contami-
nated with septic blood infected the wound channels of animals. LAGARDE (1895)
developed his conclusions further and WOODRUFF (1898) introduced into wound
ballistics the term “cavitation,” which comes from maritime technology (see
3.2.1.1), partly to explain the suction effect. In his textbook, LAGARDE (1914) em-
phasizes that a bullet wound is never bacteriologically clean. In experiments using
both animals and gelatine, DZIEMIAN and HERGET (1950) showed that barium sul-
phate powder and various dyes could be detected at both entry and exit wounds,
as a result of the temporary cavity. ZIPERMAN (1961) came to the same conclu-
sion. In his work on tetanus in wounds, and on the basis of work he had conducted
previously (1943), MACLENNAN (1962) concluded that contaminated clothing was
the primary source of infection in the case of bullet wounds.
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3.2.6.2 Bullet temperature

There are two relevant questions regarding the risk of infection from a bullet:

1. What is the maximum temperature that a bullet can reach between leaving
the cartridge and entering the body?

2. Is a bullet sterile on impact, or not?

To some extent, the answer to the second question depends on the answer to the
first. If, for instance, the maximum temperature at the surface of a bullet is very
high, one can assume that the bullet will be sterilized by this high temperature.
On its path through the barrel, the air and the target body, a bullet is subjected to a
number of factors that influence its temperature. The different sources of heat do
not affect the bullet equally. Two sources will tend to raise the temperature of the
bullets, and their effects are additive.

At the moment of firing, the base of the bullet is exposed to the hot combustion
gases. Shortly after it starts to move, the bullet is pressed into the lands of the bar-
rel, which also generates heat.

The resistance due to friction as the bullet moves down the barrel is small by comparison with the
engraving resistance.

Quantitatively speaking, the situation is as follows: LAMPEL and SEITZ (1983)
concluded that in the case of a small-calibre bullet with a hard jacket, passing
down a long barrel, some 7% of the total energy from the propellant is used to
heat the bullet, through friction in the barrel and heating of the base of the bullet
through direct contact with the combustion gases. With a larger-calibre bullet, a
shorter barrel and a thinner or softer jacket, considerably less energy is converted
into heat. Approximately one third of the energy delivered by the propellant is
transferred to the bullet in the form of kinetic energy. See Table 2-11.

The increase in temperature that a bullet undergoes as the result of a quantity of
heat Q being applied to its surface can be estimated using the following formula:

(3.2:19) aT = 2 [K]

Cp'l’l’l

where c, is the specific heat capacity, m the mass and AT the change in temperature.

If Q, ¢, and m are known, it is therefore possible to calculate the temperature
change AT. For a fully-jacketed 9 mm Luger bullet with 0.35 g of propellant, for
instance, the total propellant energy Eiy is 1450 J. According to LAMPEL and
SEITZ, 7% of this (101.4 J) is used to heat the bullet. The steel jacket of the bullet
(“Schweizer Ordonnanz”) weighs about 1.85 g and the specific heat capacity of
steel is 0.5 J/(g-deg). Substituting these values into Eqn 3.2:19 yields an estimated
temperature increase of approximately 110 °C, raising the temperature of the
bullet’s surface to approximately 130 °C.
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On leaving the barrel, the bullet is exposed to drag, with a friction component
of approx. 10 %. From the energy that the bullet loses during its trajectory we can
therefore calculate the amount of heat transferred to the bullet. However, the air
flowing past the bullet is considerably cooler than the surface of the bullet, which
means that heat will be lost to convection. As far as we are aware, no research has
been conducted into whether temperature increases or decreases during flight.

MARTY et al. (1994b) used infrared thermography to measure skin temperature at the entry wound
in the case of a shot from close range. As part of the same study, they also succeeded in measuring
the temperature of a bullet in flight. The surface temperature of the full metal-jacketed 9 mm Lu-
ger bullet was 152 °C, which is somewhat higher than one would expect from the calculation
above. Given the limited distance involved, this difference cannot be ascribed to drag. It is more
likely that the hot gases that surrounded the bullet after it left the barrel (see Fig. 2-47) had an ad-
ditional heating effect.

The situation is broadly similar with rifle bullets. LAMPEL and SEITZ (1983) state
that jacket temperatures of up to approximately 170°C are possible. If one bears in
mind that at normal ranges these temperatures are only present for a fraction of a
second, it is perfectly possible for bacteria to survive for the duration of a bullet’s
trajectory, and hence for infection to take place, especially if the bullet remains in
the wound.

3.2.6.3 Bullets contaminated with bacteria

Experiments carried out by JOURNEE et al. (1930) showed that a bullet contami-
nated by bacteria was capable of transferring those bacteria to the target.

Equipment used: 1. Gewehr 98 rifle, 7.9 mm, spitzer bullet with steel jacket. 2. 7.65 Browning
pistol. For some experiments the bullets were fired as issued, for others the tip was machined
down and a cup 4 mm in diameter was inserted. The bullet was sterilized in a Bunsen burner flame
and 2 to 3 mm of a Bacterium prodigiosum culture were deposited on it, either 5 mm from the tip
(but still on the ogive) or in the cup. The target consisted of a 7 cm layer of cotton wool, with a
4 mm steel plate behind. This was wrapped in three layers of filter paper and the assembly was
sterilized. The rifle was fired from a distance of 7.6 m, the pistol from 2 m. After firing, the targets
were checked for bacteria by creating a culture and by examining them under a microscope. The
bacteria were found to have been transferred to the target in a virulent state by the bullet.

THORESBY and DARLOW (1967) conducted similar experiments using blocks of gelatine. Here
again, Bacterium prodigiosum was used.

This type of bacterium is often used for experiments, as it forms clearly visible red colonies in
a culture medium at incubation temperatures of under 30°C. The bacteria are heat labile, and do
not survive long in the laboratory. The bullets used (22 Hornet, m=2.9 g, vo =490 m/s) were
sterilized, and approximately ten of these heat-sensitive organisms were deposited on the head of
each. The gelatine block was found to have been contaminated along the entire length of the
wound channel.

WOLF et al. (1978) fired solid lead and copper jacketed 38 bullets contaminated with Staphylo-
coccus aureus into sterile sand. The bacteria were transferred to the sand.

In point of fact, the question as to whether a bullet is sterile or contaminated with
bacteria is of secondary importance. Even if the bullet were to be sterile on im-
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pact, the wound would become infected either by the skin carried into the wound
(skin is never sterile) or by fibres from clothing.

TIAN et al. (1982) conducted experiments on this. They fired 5.56 mm bullets weighing 3.5 g into
both hind legs of dogs. The bacteria used were Serratia marcescens (=Bacterium prodigiosum).
Pieces of soft cloth measuring 6 x 6 cm were soaked in the bacteria. In the first series of experi-
ments, the prepared piece of cloth was placed in front of the site of the entry wound before firing.
After the experiment, bacteria were found all along the wound channel, including the exit wound.
This could have been because the bullet had carried contaminated fibres into the wound channel,
or because the bullet itself had become contaminated on passing through the cloth. In the second
series of experiments the cloth was placed over the site of the exit wound. The exit wound was
contaminated in all cases. The middle of the wound channel was contaminated in almost all cases,
and in the majority of cases the entry wound was also contaminated, which clearly showed that
bacteria had been sucked in when the temporary cavity was created, rather than being carried in on
the bullet.

3.2.6.4 Burns due to bullets

The information above regarding the temperature of a bullet indicates that it is not
possible for a bullet to burn skin on impact or in passing through the skin, espe-
cially when one considers that bullet and skin are in contact for well under a milli-
second.

Nevertheless, one sometimes hears doctors unfamiliar with ballistics state that
they have found a black (“‘charred”) ring around the entry wound, and that this is
the result of contact with the hot bullet. What is interpreted as a blackened zone
caused by charring of the skin is in fact the bullet wipe that occurs when a bullet
penetrates skin without first passing through clothing. When this occurs, the black
gunshot residue on the bullet is wiped off on the edge of the wound, forming a
black ring that could look like charring.

The question is sometimes raised of whether the residual rotational energy of a
bullet that has come to rest in the body is capable of causing heat damage to the
surrounding tissue. The answer is no. Rotational energy accounts for less than
0.5% of the total kinetic energy of a bullet. With a 7.62 mm NATO bullet, for in-
stance, this equates to only 9 J (see Table 2-11).

3.3 Simulants

3.3.1 General

In the context of wound ballistics, a simulant is a material that reacts to bullets in
a manner similar to tissue as regards elasticity, capacity to absorb energy,
strength, etc. Simulants serve to model the physical ballistic aspect of wound bal-
listics.
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The density p of the simulant must be similar to that of tissue. Soap and gela-
tine have densities very similar to that of muscle (p = 1.06 g/cm®). Water would
be suitable in terms of density, but not as far as its other properties are concerned.

There are good reasons to use simulants for wound ballistics experiments
rather than animals or cadavers. Ethical concerns are the most important. A fur-
ther argument against using animals is that tissue is not homogenous, which
means that no two wound channels are identical. It is virtually impossible to es-
tablish patterns, and a large number of experiments are required in order to draw
statistically valid conclusions. In addition to which, it is by no means certain that
one can extrapolate the results to humans.

By contrast, experiments with simulants are reproducible and it is possible to
establish patterns by changing parameters in a systematic fashion. It is possible to
validate the simulant by comparing the results of experiments with cases from real
life, of which forensics and war surgery provide all too many examples.

One further point should be borne in mind when using simulants. Their physi-
cal characteristics (plasticity, viscosity, elasticity, etc.) are homogenous along the
entire length of the wound channel, whereas the body consists of different types of
tissue, with different characteristics. Interestingly, this has little effect on the
physical ballistic behaviour, particularly the energy transferred, unless the bullet is
moving slowly. However, it is of great importance when interpreting the results
from a medical or biological point of view.

One can make a broad distinction between hard tissue and soft. By hard tissue
we mean bone, while soft tissue consists of skin, muscle, internal organs such as
the liver and kidneys, and brain. The different types of soft tissue have quite dif-
ferent ballistic characteristics. Muscle, for instance, is fairly elastic and tear-resis-
tant. The kidneys are less so and the liver is especially prone to tearing when
pierced by a bullet; being well supplied with blood, it bleeds profusely. From a
ballistics point of view, the brain can be compared to water or gelatine.

Simulants must meet the following requirements:

1. Experiments must be reproducible and must always produce the same re-
sults under the same conditions.

2. The dynamic motion of the bullet and the reaction of the medium to it (e.g.
deformation) must correspond closely to the situation of a bullet in tissue.

3. The values of the physical parameters along the wound channel (decelera-
tion, force and timing) must be close to those encountered in real life.

Cost, availability and ease of use are also important. Archival (e.g. for teaching
purposes) may be relevant, and gelatine is completely unsuitable for this purpose,
whereas soap is ideal.

Not all media meet all of the above requirements. For instance, soap is com-
pletely incapable of showing the dynamics of the temporary cavity but is well
suited to quantitative studies, such as the measurement of energy transfer.
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3.3.2 Gelatine

3.3.2.1 Characteristics and fabrication

Gelatine is a protein produced by submitting collagen to an irreversible process
that renders it water-soluble. It is usually made of skin or bone. The raw materials
and the manufacturing process influence such characteristics as molecular weight,
isoelectric point, transmittance, viscosity and gel strength. The last two parame-
ters are of particular relevance to the use of gelatine for modelling. While gelatine
batches or mixtures are homogenous, various types of gelatine are produced in the
manufacturing process, as is the case with petrochemicals, and the manufacturer
assembles the required product from these various types.

Gelatine is obtained by treatment with acid or alkali, followed by extraction
using hot water. Gelatine is amphoteric; it reacts to an electrical field like a kation
in an acidic solution and like an anion in an alkaline solution. At a particular pH
value, the reaction of the solution is neutral. This is known as the isoelectric point.
The pH value of the isoelectric point depends largely on the treatment to which
the collagen has been subjected. If it has been treated with acid, the isoelectric
point lies between pH 7 and 9 (Type A gelatine), whereas treatment with alkali
produces a Type B gelatine, with an isoelectric point somewhere between
pH 4.7 and 5.4. Gelatine has a relative molecular mass of between 15,000 and
250,000 D (Dalton), but this factor can be influenced by the manufacturing process.

The gel strength of the gelatine (which is of importance for its strength) is
measured in Bloom.

The Bloom is a measure of the strength of a gel and is defined as the mass of a cylindrical probe
with a diameter of 12.7 mm that is required to deflect the surface of the gel 4 mm. This test is car-
ried out on a sample of gel with a concentration of 6% % at a temperature of 10 + 0.1 °C.

Gelatine is obtainable at strengths of 50 to 300 Bloom. That used for ballistic ex-
periments is generally Type A, 250 to 300 Bloom. The strength of gelatine also
depends on temperature and concentration, though to a lesser extent.

Gelatine is a polypeptide. The discovery that the configuration of a polypeptide chain is greatly
stabilized by the formation of hydrogen bonds between C=0 and NH groups was of great signifi-
cance. The more hydrogen bonds there are, the more stable the structure. Existing hydrogen bonds
are broken at higher temperatures during the manufacturing process, or when the material is dis-
solved. When the temperature of the material falls below the gelling temperature, the hydrogen
bonds re-form and the gelatine sets. In order to obtain reproducible results, it is important to stan-
dardize the production of gelatine blocks and to avoid both high temperatures (over 60 °C) and ex-
tended exposure to heat, as heat causes gelatine to deteriorate. Thermal deterioration affects such
parameters as gel strength and viscosity. In turn, this may affect the strength of the gelatine block.

3.3.2.2 Fabrication of gelatine blocks; preparation for experiments

Gelatine is used to determine energy transfer and to observe the movement of the
bullet about its own axis. It therefore makes sense to standardize the gelatine used
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for ballistic purposes, in order to ensure that results from different laboratories are
comparable.

One suitable gelatine is “Type Ballistic 3 Photographic Grade” manufactured
by GELITA AG, 69412 Ebersbach, Germany (gel strength 245 to 275 Bloom, vis-
cosity 3.4 to 4.6 mPa-s, pH 4.7 to 5.7).

There are various international standards concerning the ratio of water to gela-
tine and the temperature at which to conduct experiments. FACKLER and
MALINOWSKI (1988b) introduced 10% gelatine at 4 °C as a standard, while NATO
specifies 20 % at a temperature of 10°C and RUAG Ammotec, Fiirth, also use
20 % gelatine, but at a temperature of 15 °C. Gelatine to FACKLER’s specifications
is used in the USA and in a number of ballistics laboratories in Europe. The tech-
nical guidelines of the police technical institute at the German police college in
Miinster specify the use of RUAG Ammotec gelatine.

There are also a number of different standards regarding the size of the blocks
used in experiments. The German guidelines mentioned above specify for hand-
guns 20%20%30 cm and for rifles 25x25%30 cm, but dimensions of 15x15%30 cm,
25%25x40 cm (KNEUBUEHL) and 25%25%50 cm (FACKLER) are also common.

The process of producing gelatine blocks consists of a number of stages:

— Stir the gelatine granules into cold water, ensuring that all granules are
moistened. Stop stirring as soon as all the water has been absorbed, to pre-
vent the formation of bubbles.

— Allow to swell for 1 to 2 hours.

— Heat the mixture to 55 °C in a bain marie or heated container, without stir-
ring.

— Once the mixture has reached the specified temperature, stir to an even con-
sistency. A preservative (such as thymol dissolved in ethanol) can be added
during the stirring phase.

— Allow air to rise to the surface by letting the mixture stand at a temperature
of 45 °C to 55 °C. Remove the froth that has formed on the surface.

— Pour the homogenous solution into moulds while still hot.
— Allow the gelatine to set in the mould overnight, in a fridge.

— Before use, store the gelatine blocks for at least 18 hours at the temperature
specified for the experiment. Use within three to four days.

The various standards contain detailed descriptions of the fabrication process.

As gelatine is produced from biological material, there will be inconsistencies. Manufacturers even
out these inconsistencies by mixing several types of gelatine, in a manner analogous to the practice
in a refinery, ensuring that the user receives gelatine with the required characteristics. Neverthe-
less, there will be variations between batches, because of the maximum accuracy that can be
achieved with the measuring methods used. For instance, the 3 ¢ value for a Bloom measurement
for a 260 g Bloom gelatine is 12 g Bloom. If comparative measurements are to be carried out, it is
therefore best to use the same batch for the whole series.
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3.3.2.3 Evaluating gelatine experiments

Crack length method. When a bullet passes through a gelatine block it creates a
temporary cavity. Because of the elasticity of the gelatine, the cavity collapses, as
it does in muscle. In gelatine, the cavity leaves cracks that radiate from the wound
channel. Studies (conducted mainly by KNAPPWORST, Dynamit Nobel AG) have
shown crack length to be proportional to the volume of the temporary cavity and
hence to the energy that the bullet transfers to the block per cm, E',,. KNAPP-
WORST was able to demonstrate that under constant conditions we can write

(3.3:1) dono= c-(Ep) [cm]

where Zr; is the sum of all crack lengths in a given cross-section i of the block and
¢ is a constant, of which the value has to be determined.

If we measure Xr; for a series of adjacent sections (e.g. every 2.5 cm) and plot
these values against penetration depth, we obtain a graph as shown in Fig. 3-40.

The choice of section thickness — 2.5 cm in this example — is arbitrary. Ideally, the sections should
be as thin as possible, but thinner sections mean expending more effort on analysis. A thickness of
2.5 cm has proved to be a reasonable compromise between precision and effort.

If the bullet has passed right through the block, then the whole block will exhibit
these radial cracks. The total length of all cracks (i.e. not just the total length for a
given section) is equal to the area under the curve (the grey area in Fig. 3-40). For
a section thickness As, and taking account of Eqn 3.3:1:

(3.3:2) ZS:(Zri-As) - c-ZS:(E;b-As).
0

0

The left-hand side of the equation corresponds to the area under the curve, while

10 ¢

Fig. 3-40. Analysis of shots fired into
0 5 10 15 20 gelatine blocks, using KNAPPWORST’s
s [cm) crack length method. See text for details.
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the right-hand side (without the constant c) is the total energy transferred to the
block, Eap.

Eqb is the difference between energy on impact and energy on exit, which can
be calculated from velocities v, and ve. In practice, a bullet exiting the block at an
angle may take gelatine with it, and the energy of this gelatine can affect the value
of Eab~

Because we know the left-hand side of Eqn 3.3:2 (sum of all crack lengths) and
the right-hand side (total energy transferred, E,,), we can now calculate the con-
stant ¢ and hence use Eqn 3.3:1 to calculate the total energy transferred:

(3.3:3) (El,);, = %-Zri. [J/em]

Using Eqn 3.3:3, we can now calibrate the y axis of Fig. 3-40 for E'y, [J/cm]
rather than for total crack length (see Fig. 3-41, left-hand y axis).

This graphic shows not only E'y, (which KNAPPWORST terms Egy/s), on the left-
hand y axis, but also the total energy transferred up to the point under considera-
tion (Curve 2, right-hand y axis).

FACKLER’s wound profile. This method can be seen as complementary to the
method of analysing experiments with gelatine described above. FACKLER in-
cludes four elements of the effect of the bullet on gelatine (representing tissue):

Penetration depth.
— Deformation and fragmentation (if any).

— Size (diameter) of the temporary cavity.

Size (diameter) of the permanent wound channel.
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Fig. 3-42. Gelatine block after firing. a. In direction of shot. The cracks are clearly visible,
b. from the side. Here, the “pockets” formed by the cracks are visible.

The sizes of the temporary cavity and of the permanent wound channel can be
determined fairly clearly from the cracks in the gelatine (Fig. 3-42 a, b). This is
used to derive the graphics in Figs3-43 a,b and in Fig. 3-44 a, b). FACKLER
(FACKLER and MALINOWSKI, 1985) calls the description of all these effects the
“wound profile.” He included the entire wound channel in all instances.
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Fig. 3-43 a,b.  FACKLER’s wound profile (1988). The illustrations are self-explanatory. The
cartridge used is shown in the top right-hand corner, together with its ballistic data.
(Continued on next page).
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3.3.3 Glycerine soap (ballistic soap)

3.3.3.1 Characteristics and fabrication

Conventional soaps are mixtures of solid, water-soluble sodium salts of various
higher fatty acids. The only soaps that can be used for wound ballistics experi-
ments are glycerine soaps (moulded, transparent soaps). Producing this type of
soap is relatively complex, but by mixing the constituent fats and oils with care, it
is possible to maintain consistency over periods of many years, which is an im-
portant precondition for accuracy.

The main raw materials are:

— coconut oil (lauric acid with small percentages of other acids), tallow, castor
oil (ricinoleic acid) and stearin (palmitic and stearic acid).
Other constituents:
— glycerine, sucrose, ethylene glycol, ethanol, water and sodium hydroxide.
The fatty acids are transformed into soap by boiling in sodium hydroxide. The

fatty acid content of ballistic soaps varies between 39% and 43%, but water and
alcohol are also present in varying proportions. It is possible to modify the density
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and softness of a soap by varying its components. This allows us to achieve the
penetration depth required for a particular calibration shot. It is therefore perfectly
possible to standardize ballistic soap.

Depending on its composition, the density of new soap (1 to 3 weeks old) lies
between 1060 and 1100 kg/m® at room temperature. The mechanical properties
are of secondary importance for the uses to be described here. Soap has a very low
limit of elasticity (0.5 N/mm?), which is an indicator of its plastic behaviour. The
important parameters in connection with the motion of a bullet are the speed of
sound in the medium and its viscosity. Both are closely related to temperature, and
both decrease as temperature increases (CORTHESY 1985, 1987, see Fig. 3-45).

The deformation of soap due to the passage of a bullet is almost entirely plas-
tic, and the wound channel only collapses very slightly. This gives us a direct im-
age of the temporary cavity, on which we can readily take measurements.

3.3.3.2 Ageing

Soap can be stored for comparatively long periods, but some of its properties do
change over time. Because the components that evaporate fastest during drying
are alcohol and water, the soap becomes denser over time (rising to 1150 kg/m’
after approx. four years). This is accompanied by an increase in the speed of
sound in the medium (CORTHESY 1985, see Fig. 3-46).

As the physical properties of soap only change slowly, it can be used for up to
six months with no loss of accuracy, depending on storage conditions. The be-
haviour of the bullet (movement, deformation, fragmentation) remains the same.
The only difference is that the cavity volumes will be slightly smaller with older
soap, because the bullet encounters more resistance when penetrating the drier
outer layer. It is possible to delay the onset of this effect by removing that layer.
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Fig. 3-45. Speed of sound (c) in soap as a Fig. 3-46. Speed of sound (c) in soap as a

function of the temperature of the soap. function of the age of the soap.
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3.3.3.3 Evaluating soap experiments

As with gelatine, a linear relationship between the volume of the temporary cavity
and the energy transferred has been demonstrated empirically (see also 2.3.7.3,
MARTEL’s Theory). In order to measure the energy, we simply need to measure
the volume of the channel.

The easiest method is to slice the wound channel along its axis and then take
photographs. The diameter can then be measured on the photograph as a function
of penetration depth. As the cross-section of the wound channel is circular (except
at the end), it is possible to perform a fairly accurate calculation of volume as a
function of distance.

The channel cross-section becomes elliptical towards the end, because the bullet is moving more
slowly, but if one takes the mean diameter for this section, the error will be small.

If the channel is sufficiently large, one simple method of measuring volume is to
fill it with water a section at a time. The shape of the cross-section is then irrele-
vant as far as measuring the volume is concerned. However, it is also possible to
cut the block into a sufficient number of slices (as for the crack length method
when using gelatine), to measure the cross-sectional areas and to obtain the total
volume by adding them together:

A+ A
gd- , [cm3]

(3.3:4) Vo= > > 1

1
where A; is the cross-sectional area at the start of the i slice [sz] and d; is the
thickness of the same slice [cm]. Very small volumes, such as those left by small,
low-energy fragments, can be calculated from the penetration depth and the cross-
sectional area of the start of the channel. From Eqn 3.2:5, it is reasonable to as-
sume that the boundary of the volume can be represented by an exponential func-
tion. Volume is therefore given by the following equation:

di - d;

.Tc.f - —_— - .
In(d{) - In(d3)

(3.3:5) Vo= Llomeo, [em’]

where /5 is the penetration depth, d; the diameter at the start of the channel and d,
the diameter at the end.

Another point to bear in mind when measuring volume is that the volume in the
vicinity of the entry and exit points will be larger than in real life, as the bullet
will displace material towards the surface of the block as it penetrates, and again
on exit, enlarging the channel. To obtain reproducible results, it is important that
none of the sides of the block swell out, as this would allow the volume to in-
crease in an uncontrolled manner.

The equation below gives the relationship between volume and energy trans-
ferred:
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(3.3:6) V = u-E,. [cm’]

The proportionality factor pu remains the same for energy levels of up to more than
2500 J, regardless of the type of bullet. Fig. 3-47 shows the results of experiments
conducted with a wide range of projectiles. Calculating u by means of linear re-
gression yields a value of 0.182 cm’/J (with a correlation coefficient r of 0.98).
With new soap, one can therefore expect values of 0.16 to 0.2 cm’/J. As the soap
ages, this will fall to around 0.12 cm’/J.

3.3.3.4 Using soap to conduct measurements

As there is a relationship between energy transferred and the volume of the cavity,
soap can also be used to determine velocity and energy. We can derive the fol-
lowing directly from Eqn 3.3:6:

(3.3:7) E, = LV ]

u

If fresh glycerine soap is used, mixed so as to allow the same penetration depth as 10% gelatine at
4°C, we can substitute a value of 5.5 to 6 J/em® for 1/p.

We can increase the accuracy of the measurements by firing calibration shots of known energy
transfer into the soap used. Measuring the volumes created allows us to determine the actual pro-
portionality factor 1/u. Experience shows that the values lie between 5.0 and 6.25 J/em®. If the
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Fig. 3-47. Relationship between the energy transferred to the soap E,, and the volume of the
cavity created. Irrespective of the type of projectile, a linear relationship exists between the two
parameters up to energy levels of at least 2500 J, with a high degree of correlation (KNEUBUEHL).
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projectile transfers large quantities of energy at an early stage, we may observe lower values
(around 4).

This method is particularly useful where more usual methods of measuring veloc-
ity cannot be used, e.g. for fragments from fragmentation shells, fragments from
the rear of glass surfaces, fragmented bullets or shotgun pellets, or when deter-
mining the residual energy of a bullet that has passed through an object.

The soap blocks are so arranged as to catch the relevant projectiles. From the
volume, it is possible to use Eqn 3.3:7 to calculate the energy transferred and
hence the impact energy. From the impact energy and the mass of the projectile
we can then calculate the impact velocity (KNEUBUEHL 1990a).

3.3.4 Comparison between soap and gelatine

3.3.4.1 General

A number of studies have demonstrated that gelatine and soap are both suitable
simulants for wound ballistics. However, some of the properties of the two media
differ quite substantially. This raises the question as to which material one should
use for which purposes. In the next section, we shall examine the advantages and
disadvantages of soap and gelatine, together with the differences in behaviour
between the two media.

3.3.4.2 Availability, handling and measuring techniques

Gelatine is used in a wide variety of applications (the food industry, medicines,
for photographic film, etc.) It is therefore readily obtainable, in a range of quali-
ties. It is possible to store gelatine powder for relatively long periods if it is kept
dry. One can produce gelatine blocks oneself, although they can only be stored for
a short period.

In order to use soap, one needs access to a soap manufacturer prepared to pro-
duce soap of a specific composition and constant quality. However, as soap can be
kept for several months, good stock management will ensure a ready supply.

Soap is far easier to handle, and experiments with soap are easier to analyse. It
is also less sensitive to temperature, which makes the temperature requirements
for experiments less stringent. The measurements of volume that must be con-
ducted in order to determine energy transferred are easier and more pleasant than
the crack length method generally used with gelatine.

Gelatine is more suitable for observing movement. It is transparent to visible
light and hence allows the use of optical methods (film and photography, see
Fig. 3-48). Most types of soap are opaque (as is tissue), which means that X-ray
photography or electromagnetic methods must be used. The elasticity of gelatine
means that it only permits indirect measurements of the volume of the temporary
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Fig. 3-48. A bullet passing through
gelatine. The orientation of the bullet
and the dynamics of the temporary
cavity are clearly visible.

cavity (via crack lengths), whereas the plastic behaviour of soap makes it possible
to measure the cavity directly. Each simulant has its advantages and disadvan-
tages, and each has its role to play in wound ballistics experiments.

Gelatine should not be melted down and re-used, as this would affect repro-
ducibility. As gelatine consists of natural materials (water and protein) it can be
disposed of easily. Soap can be returned to the supplier, where it can be melted
down and additional raw materials can be added, allowing the soap to be re-used.

3.3.4.3 Reaction to bullets

The dynamic behaviour of a bullet is very similar in the two media. If the appro-
priate composition is selected, the penetration depths are also very similar (see
Fig. 3-49 a-d) and bullet deformation is almost identical (see Fig. 3-50 a-d).

/

Fig. 3-49 a,b.  Comparison between glycerine soap (a) and gelatine (b): 5.45 x 39 (Kalashnikov).
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Fig. 3-49 ¢,d.  Comparison between glycerine soap (c) and gelatine (d): 9 mm Luger (“Schweizer
Ordonnanz”).

This indicates that the forces — and hence the deceleration values — must be
very similar, as JANZON and FACKLER have confirmed. There is therefore no phy-
sical reason to prefer one simulant over the other.

At lower velocities (when a large proportion of the bullet surface is in contact with the medium),
certain bullets travel significantly further in soap than in gelatine. This may be because surface
friction (which is the determining factor in such cases) is greater in gelatine than in soap, which

W

F g S,

Fig. 3-50. Similarity of deformation in soap (left) and gelatine (right). a. 9 mm Luger, Win-
chester Subsonic. b. 44 Rem. Mag. SJFP. ¢. 7.62 x 39, jacketed spitzer. d. 308 Win. SICone.
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Table 3-7. Advantages and disadvantages of each simulant

Soap Gelatine
Handling + -
Measuring volume + -
Recording movement - +
Measuring fragment energy + -
Price — +

has a high fat content. As this effect only arises at low velocities and great penetration depths, it is
virtually irrelevant to wound ballistics studies.

Soap is unsuitable for experiments involving projectiles that have low impact ve-
locities (arrows, crossbow bolts, etc.) or jets of gas or fluid (alarm pistols, rocket
motors, etc.) Such “projectiles” penetrate significantly less, if at all.

3.3.4.4 Which simulant for which purpose?

Table 3-7 only shows those criteria for which there are clear differences. If we
bear in mind that it is possible to make gelatine easier to handle by using it at
lower temperatures (e.g. 4°C), the advantages and disadvantages of the two simu-
lants more or less balance out.

The choice of simulant should therefore depend on the purpose of the experi-
ment. Standardisation of the simulants used for wound ballistics is desirable, and
should cover both materials. Standardization should also ensure that a given bullet
penetrates both media to approximately the same depth under the same impact
conditions. Furthermore, this penetration depth should correspond to that of the
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Fig. 3-51. Penetration depth of a steel sphere in various media (after FACKLER).
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same bullet in muscle. According to FACKLER, it is possible to achieve equiva-
lence between muscle and simulant using 10 % gelatine at 4 °C. By choosing the
composition appropriately, it is also possible to obtain soap that performs in a
similar manner (see Fig. 3-51).

3.3.4.5 Connection between the analysis methods

As both gelatine and soap are suitable for measuring energy transfer, it must be
possible to convert between the two standard evaluation methods (crack length for
gelatine and volume measurement for soap).

The formal relationship between p and c is based on the dimensions of the two
variables (see Eqns 3.3:3 and 3.3:7). p is measured in cm’/J, while ¢ is measured
in cm*/J. Therefore:

(3.3:8) T [em?/]]

We can therefore compare experiments conducted with gelatine and soap (if we
apply a constant factor).

3.3.5 Bone
3.3.5.1 General

We have already discussed the advantages of using simulants in 3.3.1. The same
arguments apply to other types of tissue, such as bone. The effects on the bullet
wound and the course of the wound channel of the bullet striking a bone are of
interest to both surgeons and forensic specialists. To date, however, experiments
appear only to have been conducted on animal bones (see 4.2.1.3 and 4.3.2.6 and
the literature cited in those sections). It is only possible to carry out systematic
and reproducible studies of the effects of bullets on bone if the bone is standard-
ized, as in the case of muscle. Bearing in mind the conditions that must be ful-
filled by a simulant for soft tissue (see 3.3.1), the requirements for a bone simu-
lant, other than reproducibility, are as follows:

— Similar deceleration to that which occurs when a bullet passes through a
bone;

— Similar threshold velocity for penetration;

— Similar fracture behaviour and similar propagation speed for the fracture
lines.

The most suitable material for simulating bone in experiments with bullets is that
used for the artificial bones employed in the training of surgeons. This consists of
a three-layer polyurethane structure, in which a relatively soft interior (similar to
cancellous bone) is enclosed by a harder outer layer. Using this material, it is pos-
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sible to represent both heavy and light bone structures. In order to simulate the
behaviour of bone fragments, the plastic bone is covered with a thin layer of latex,
to simulate the periosteum.

The natural form of the bone is of secondary importance when carrying out
systematic studies of the effects of bullets. Building artificial bones with lifelike
shapes would affect reproducibility, as it would be more difficult to achieve iden-
tical impact conditions over multiple shots. Using simple geometric forms (e.g.
hollow cylinders to simulate hollow bones or a sphere to represent the skull)
makes it possible to maintain the same relative positioning of wound channel and
bone over an entire series of shots. This is essential when conducting parameter
studies, for instance.

However, it may sometimes be necessary to use accurate reproductions of bone shapes when con-
ducting reconstructions of specific bullet wounds. This is perfectly possible, as entire skeletons of
suitable artificial bone are available (source: Synbone AG, CH-7208 Malans, Switzerland).

3.3.5.2 Hollow bones

Simulations of hollow bones are of particular importance for the study of bullet
wounds to the limbs. The best form to use is a hollow cylinder, which can be pro-
duced with different wall thicknesses. In order to simulate bone marrow, the hol-
low space is filled with gelatine and the two ends sealed so that they are pressure-
tight (KNEUBUEHL and THALI 2003).

Without the gelatine, a bullet passing through the bone will not generate hydraulic pressure. It will
perforate the bone without causing any of the typical fractures, such as a butterfly fracture.

If bullets are fired directly at plastic bones prepared in this manner, it is possible
to measure both the velocity and energy lost by the bullet and the velocity of the

Fig. 3-52. Comparison between the effect of full
metal-jacketed and deforming bullets on model bones
embedded in gelatine. The extent of bone damage
corresponds approximately to the diameter of the
temporary cavity. a. Rifle. b. Handgun.
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Fig. 3-53. Model skull shot through with a lead ball fired from a muzzle-loading musket. The
aim here was to determine approximate bullet velocity in the case of skeletons recovered during
archaeological investigations, by comparing the fracture to the real skull with the fracture
observed on the model.

bone fragments produced. If the bone is cast into a gelatine block, one can study
the dynamic processes that occur when a bullet hits a bone (e.g. the degree of de-
struction associated with the temporary cavity, see Fig. 3-52 a, b; the positions of
bone fragments in the wound channel and the behaviour of a bullet that ricochets
off a bone).

3.3.5.3 Modelling the head

It is also possible to construct a model of the head using artificial bone. The most
obvious shape to use is a hollow sphere, with which it is possible to simulate any
angle of attack. The sphere is filled with gelatine, to simulate the brain. Materials
to simulate muscle and skin can be added on the outside if required (THALI et al.
2002a, 2002b, 2003d). Models like this can be used to study many different as-
pects of bullet wounds to the head (see Fig. 3-53).

3.3.6 Other simulants

It is possible to simulate other biological structures using plastics that react in a
realistic manner to a bullet. These structures include skin and blood vessels.

Skin. It is unlikely that any simulant would simulate skin in such a way as to meet
all forensic requirements. One material that has proved successful, however, con-
sists of a layer of silicon in conjunction with synthetic fibres (synthetic suede)
(THALI et al. 2002a, 2002b, see Fig. 3-54). For simple experiments one can just
soak the synthetic suede in wax.

Blood vessels. One can conduct systematic studies of blood vessels using plastic
tubes that react to bullets in a manner similar to that of real blood vessels. These
have been evaluated by comparing them with the aortas of pigs (see Fig. 3-55)
which apparently are fairly similar to those of humans (SCHANTZ 1979). To ensure
that the bullet generated hydraulic pressure, both the artificial blood vessels and
the real blood vessels used for comparison purposes were filled with “film blood”
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Fig. 3-54. Left: Real bullet
hole (filled with blood).
Right: Bullet hole in
artificial skin.

Fig. 3-55. Left: Real
blood vessel severed by a
bullet. Right: Artificial
blood vessel severed in
the same manner.

and closed off at both ends, with the contents placed under slight pressure.

The basis of comparison was energy density for the direct hit (perforation) and
effectiveness for indirect damage (failure of the blood vessel due to excessive
stretching resulting from the pressure generated by the temporary cavity). The
plastic tubes were considered acceptable as simulants if their threshold values
were similar to those of natural blood vessels.

The various simulants can be combined to simulate entire structures, with which
one can study the formation of a bullet wound repeatedly, making controlled
changes to the parameters. This is particularly useful in reconstructions of crimes
involving firearms.

3.4  Other approaches to simulation

3.41 Experiments on animals and cadavers

3.4.1.1 Animals

SCHANTZ, a member of a Swedish research team, submitted a contribution on the selection of ani-
mals for the study of bullet wounds to the 3rd International Symposium on Wound Ballistics
(1979). We shall look at the more important veterinary aspects of his work, which contains nu-
merous bibliographical references.

General. The problem with all animal experiments is that of extrapolating the re-
sults to humans. The aim is, of course, to learn about the reaction to bullets of
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humans, not of the animals used for the experiments. One therefore needs to select
an animal that is as similar to humans as possible. The greater the difference be-
tween the animal and humans, the less accurate the extrapolation (e.g. cat = hu-
man, chimpanzee = human).

Every animal has different characteristics, in terms of anatomy, physiology,
behaviour, etc.

Simple examples from hunting show how differently animals react to bullets. For instance, a deer
can run for up to 100 m after its heart has been completely destroyed by a bullet. By contrast, rab-
bits are extremely sensitive; a few shotgun pellets are fatal. Pellets are often found in the muscle of
a dead rabbit, and not in vital organs (heart or brain), which means one must assume that a genuine
shock effect is at work.

If one wishes to study the effect of a bullet along the full length of the wound
channel (e.g. the mass of debridement), the animal must be of sufficient size,
which excludes rabbits and cats.

Before any experiments are carried out, one must ask:

— How closely do the organs of the animal correspond to those of humans?

— Is it possible to obtain wound channels of sufficient length?

Regardless of which animal is chosen, what effects are to be studied and which
organs are involved, the projectile has to penetrate the skin. However, the skin of
many animals has physical properties quite different to those of humans. This is of
particular importance if we wish to study the behaviour of soft-tipped bullets. The
strength of the skin will have a significant effect on how the tip of the bullet de-
forms on contact with it, and hence on the behaviour of the bullet in the body.

During a study on the reaction of skin when the muzzle is in contact (as is generally the case in
suicides) initial experiments involved firing shots at the skull of a horse. High-speed video re-
vealed that the skin around the entry wound bulged out slightly but remained intact, except at the
actual entry hole. The same experiments under the same conditions, using the skull of a human ca-
daver, revealed a pronounced outwards movement of the skin, which caused radial tears and un-
dermining of the skin. Pigs also have considerably tougher skin than humans. The skin of goats
and sheep comes closest.

Horses and cattle. Journée already used horse cadavers, as we saw in 3.1.2. Both
horses and cattle have large muscles, in which it is possible to create long wound
channels. The size of the animals means that experiments require considerable ef-
fort. Keeping these animals anaesthetized for long periods (over 30 minutes) re-
quires complex equipment. As ruminants, cattle have a complex digestive system.
This can lead to problems with the animals inhaling solid matter. The skin of both
animals is thick and rough (see above regarding the role of the skin). Observing
the animals over a longer period after the shot is difficult, whether they are uncon-
scious or not. The overall expenditure (for the purchase and care of the animals
and for the experiments themselves) is very high.
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Sheep and goats. While these animals are also ruminants, a general anaesthetic is
not nearly as dangerous as it is for cattle. Furthermore, one can use the same
equipment and drugs as for humans. Both animals have fairly thin, supple skin,
and their skin comes closest to that of humans. The muscles of the limbs are slen-
der, which means that larger breeds are needed in order obtain longer wound
channels.

Dogs. For many years, dogs have been the animal of choice for experimental sur-
gery. They are available in a wide range of sizes and forms, easily obtainable and
highly suitable for laboratory purposes. They can also be trained for post-opera-
tive treatment and observation. Their peripheral arteries and veins are easily ac-
cessible, and one can readily insert a cannula through their skin. As with sheep
and goats, it is possible to use the same anaesthetic equipment as for humans, in-
cluding tracheal tubes. It is important to monitor the circulation carefully, but
dogs can safely undergo long periods of inhalation anaesthesia. Sufficient blood
should be obtained and stored to replace blood loss, if needed. However, SCHANTZ
reports that experiments which involve firing bullets at “man’s best friend’ en-
counter considerable opposition.

Pigs. Pigs are readily obtainable in any size required. It is possible to create long
wound channels even in animals of medium size (30 kg), but animals of this
weight are still young, and their bones are not yet fully developed (e.g. the
epiphyses are still open). One should bear this point in mind when carrying out
experiments involving bones.

Because adult pigs of typical breeds are heavy, miniature varieties have been bred, with an adult
weight of 40 kg to 60 kg. However, such breeds are expensive, and they have the reputation of
being susceptible to disease.

It is more difficult to collect blood from pigs and to anaesthetize them, as the only
easily accessible peripheral veins are those in the outer part of the auricle. Pigs
have a funnel-shaped oral cavity and the larynx and trachea are at an angle to each
other. Furthermore, the larynx is particularly prone to spasm. As a result, endotra-
cheal intubation is difficult and requires trained personnel. Premedication with at-
ropine and the use of muscle relaxants alleviate the problem.

The skin of most breeds is not pigmented, and has little hair, making it easy to
observe and analyse bullet wounds.

Despite their disadvantages by comparison with dogs, pigs are the animals best
suited to wound ballistics experiments (SCHANTZ).

3.4.1.2 Cadavers

One can use cadavers to study mechanical phenomena in the human body as long
as one observes certain rules.
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Following death, the physical characteristics of tissue change over time. The
cadavers used should therefore be as fresh as possible. Body parts such as bones
are often preserved for later use, which almost always affects the properties of the
bone. We shall look at this aspect in 4.2.1.3.

With soft tissue (muscle, fat, liver, etc.) the temperature at which the experi-
ments are carried out plays a major role. In general, cadavers are preserved in cold
storage and are generally only just above freezing. If one were to conduct physical
measurements on cadavers at such temperatures, e.g. the penetration depth of a
sphere, one would obtain results very different from those obtained with a living
person.

By definition, it is impossible to study the physiological reaction of a person to
a bullet using a cadaver.

3.4.1.3 Cell cultures

In recent years, cell cultures have been successfully used for certain studies in or-
der to avoid experiments on animals. The pharmaceutical industry was the first to
use cell cultures for this purpose. SUNESON et al. (1987) were the first to apply this
method to the field of wound ballistics, in their work on the effects of shock
waves in cells. We shall be looking at these experiments and results in 4.3.2.2
(Shock waves).

3.4.2 Physical/mathematical models

3.4.2.1 General

There are advantages to first representing a real object using a physical model and
then constructing a mathematical model. The most obvious advantage is that this
approach makes it possible to conduct parameter studies of unlimited scope, sim-
ply and cheaply. However, mathematical models — especially those intended to
model the human body — face almost insoluble problems. For instance, it is ex-
tremely difficult, if not impossible, to obtain the necessary physical data regarding
tissue in vivo, especially for extremely high forces acting over extremely short pe-
riods. The properties of a material under such conditions often differ substantially
from the properties of the same material under quasistatic conditions. Finite ele-
ment models of the type described by WIND et al. (1988) are hence unlikely to
enter widespread use.

In order not to forego the advantages of a model, one must make do with
simpler representations of biological structures, which means accepting that the
results will also be simpler.

If one is to make practical use of models, the datasets required to calculate the
physical processes must be available and the model must have been validated for
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the field of application against known, real-life cases. It is possible to generate the
datasets from simulations of the types described in 3.3 and 3.4, but non-biological
simulants are particularly suitable, on account of their availability, reproducibility
and usability. Validation requires real-life cases for which one knows the ballistic
data of the projectile and has a sufficiently exact description of the damage done
to the biological structure.

3.4.2.2 SELLIER’s velocity profiles

SELLIER’s velocity profile (SELLIER 1982) is a one-dimensional model, in which
the decrease in velocity is calculated for each layer of tissue (each layer being as-
sumed to be homogenous) using the equations derived in 3.2.3.2 and 4.2.1. From
Eqn 3.2:11 we have:

(3.4:1) v, = v, e 4 [m/s]

& a
or, for Av=v, — v.:

(3.4:2) Av = v,-(1 —e ™9, [m/s]

where v, is the impact or entry velocity, v, is the velocity after passing through a thickness d and
R is the retardation coefficient, which is dependent on the type of tissue.

It is therefore possible to calculate Av for each layer of tissue, with the exit veloc-
ity for one layer constituting the entry velocity for the next. From this, we can
create a velocity profile, as shown in Fig. 3-56. As this model is one-dimensional
— the bullet only moves in one spatial dimension — deviations (e.g. as a result of
impact with a bone) are not taken into account, the bullet always strikes a layer at
right-angles and the forces on the bullet act only along the line of movement.
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Fig. 3-57. Original version of Computer Man. a. Left: the body is
divided into 25 mm layers. b. Right: the layers are divided into cells
measuring 5 mm x 5 mm. The layer shown is a section through the
body at shoulder height. An “Injury Criteria Component Vulnerability
Number” was assigned to each cell (from BRUCHEY W. J. et al. 1983).

This velocity profile can be useful when, for instance, a forensic specialist is asked whether a bul-
let would produce an exit wound, given a specific wound channel.

3.4.2.3 Computer Man

In 1975, the US Department of Justice’s National Institute of Justice (NIJ) pub-
lished a study on the effectiveness of handguns for the police. The study had been
conducted against the background of a long-running controversy in the US re-

Fig. 3-58. Computer Man.
Major blood vessels.

garding the most effective handgun calibre.

The study was based on a large number of shots
using gelatine and a large number of virtual shots fired
at a computer model of the human body, all of which
were brought together and subjected to statistical
analysis. The model was dubbed “Computer Man.”

This is a three-dimensional model of the human body,
divided into 25 mm horizontal layers (see Fig. 3-57).
Each layer was divided into cells measuring 5 mm X
5 mm. This gave a total of over 150,000 cells. A team of
doctors then looked at whether a bullet wound to a given
cell would produce an instantaneous incapacitating
injury (Fig. 3-57, right). Simulated shots were fired at
the model and for each wound channel the vulnerability
number was determined for every point. This procedure
was repeated (taking account of shooter accuracy) until
the mean values stabilized (at around 10,000 shots).
This gave a “Vulnerability Index Function,” which was
then used to evaluate the weapon and ammunition
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concerned, resulting in a relative incapacitation index, or RIL. See 4.1.2.3.

Computer Man was later used in the military field, in modified form, to assess
the effectiveness of fragmentation munitions. In this later version, each cell was
linked to an organ, making it possible to represent the internal structures of the
body, at least approximately (see Fig. 3-58). This model consisted of 167 layers
and 124,000 cells, and distinguished between 280 types of tissue.

Fragment wound analysis also underwent modification, adding the work of
SPERAZZA and KOKINAKIS (1965) and a large volume of data from experiments
with animals to the existing gelatine experiment data (BELLAMY and ZAJTCHUK
1991a).

3.4.2.4 The “Verwundungsmodell Schiitze” (VeMo-S)

Towards the end of the 1990s, the German Federal Office of Defence Technology
and Procurement commissioned a model with similar aims. The original task was
to verify the well-known probability of incapacitation figures that SPERRAZZA and
KOKINAKIS (1965) had put forward. Over time, this developed into a computer
model of the human body that offered a number of interesting possibilities.

The formulas and datasets proposed by SPERRAZZA and KOKINAKIS result in incapacitation prob-
abilities that are clearly too high when compared with real cases and intuitive reasoning, particu-
larly with small fragments.

Unlike Computer Man, Verwundungsmodell Schiitze (“rifleman wound model,”
VeMo-S), rather than modelling a particular person, approximated biological
structures using geometrical shapes (see Fig. 3-59). The positions and dimensions
of these structures correspond to human anatomy. The concept is based on the
idea that, given the wide variation between one person and another, and the wide
range of threats (calibres, projectiles, fragments, etc.) and wound channels, there

Alncapacitation probability

1=

0 >
a b Incapacitation
factor
Fig. 3-60. (Top) Basic principle of the incapacita-
tion function. a: Lower threshold. b: Upper threshold.

Fig. 3-59. (Left). Structure of the human body in
VeMo-S
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was no point in modelling a single object very precisely — that indeed, this was
counter-productive.

VeMo-S models approximately 400 structures. A time-dependent incapacita-
tion factor relevant to wound ballistics was assigned to every structure (e.g. effec-
tiveness or energy density). For each structure, lower and upper thresholds were
defined for each incapacitation factor. Below the lower threshold, no incapacita-
tion would occur, while incapacitation was certain if the upper threshold were ex-
ceeded (see Fig. 3-60). The incapacitation factors therefore fitted into a mathe-
matical framework subject to the laws of fuzzy logic (KNEUBUEHL 2000). This
made it possible to reflect time factors, multiple hits and various levels of partial
incapacitation. The thresholds were defined by W. TITIUS, a surgeon with excep-
tional experience in the field of bullet wounds.

The ballistic data of the bullet (energy, energy density and effectiveness) were
calculated continuously along a geometrical wound channel and the degree to
which the structure had been destroyed was determined from this. The ballistic
data were obtained by conducting experiments using the simulants discussed in
3.3. As a result, the model was not restricted to fragments, but could perform cal-
culations for any projectile, as long as the necessary ballistics data were available.

VeMo-S was validated against real cases from war surgery and forensics
(GRAMIGER 2010). If the required ballistic data are available, the wound channel
can be calculated using VeMo-S and compared with the actual wound channel. If
the two correspond, the incapacitation function is confirmed. If not, the function
must be adjusted.

The role of VeMo-S is not restricted to the calculation of incapacitation prob-
abilities; the program can also be used in forensics and in crime reconstructions.
The program can calculate velocity profiles (see 3.4.2.2) for any wound channel,
making it possible to estimate the exit velocity of a bullet and hence determine
hazard levels or the range of a bullet on exit.

The program can also assess the effectiveness of body armour, and this assessment can include the
effect of the energy remaining after a projectile has penetrated the protective layer.






4 Wound ballistics of bullets and fragments
B. P. KNEUBUEHL

4.1 The effectiveness of bullets

4.1.1 Effectiveness versus effect
4.1.1.1 Definitions

If we are to talk about the “effect” of a bullet, we have to start by defining our
terms. Here, when we talk about the effect of a shot, we mean the reactions that
the shot provokes in the human body. Consequently, an effect is always linked to
a unique event.

For instance, an airgun pellet with a muzzle energy of 7 J that penetrates the spine and damages
the spinal cord has a much greater effect than a 44 Rem. Mag. hollow-tip with an energy of 1500 J
that grazes the upper arm. This means that statements like “A hollow-point bullet has a greater
effect than a full metal-jacket bullet” are meaningless.

Clearly, the effect of a bullet depends on a wide variety of factors. What is clear is
that effect cannot be defined (and most certainly cannot be measured) purely in
terms of the physical or design characteristics of a bullet, such as mass, velocity,
energy and deformability.

However, there is no denying that the physical and design characteristics of a
bullet can have a decisive influence on its effect. If we consider these factors in
isolation, we can establish the “potential effect,” which we shall call the “effec-
tiveness” of a bullet.

Effectiveness and effect are, of course, related to one another. A highly effec-
tive bullet, if it hits a certain part of the body, will very probably have a signifi-
cant effect. Conversely, a less effective bullet will probably have a lesser effect.

4.1.1.2 Factors that contribute to the effect of a bullet

The above comments show that the effect of a bullet depends not just on its effec-
tiveness but also, to a large degree, on the point of impact and on the path of the
wound channel in the body. The physical and mental state of the victim are also
important, and these two factors are usually underestimated when assessing the
effect of a bullet — if they are taken into account at all.

B. P. Kneubuehl (Ed.) et al., Wound Ballistics, DOI 10.1007/978-3-642-20356-5 4,
© Springer-Verlag Berlin Heidelberg 2011
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Determination to achieve an objective can considerably reduce the immediate effect of a bullet.
Under other circumstances, the mere sight of a weapon can be sufficient to prevent an attack. In
the latter case an effect has been achieved even though there is no point of impact, and the effec-
tiveness of the bullet is irrelevant.

The effect of a bullet on a living being therefore depends on the following factors:

e the effectiveness of the bullet;
® the point of impact and the path of the wound channel in the body;

e the physical and mental state of the victim.

The point of impact also reflects the decision taken by the shooter, and his or her mental state.

Analysis of cases in which a firearm failed to achieve the required effect shows that in many
instances failure was caused by psychological stress on the firer leading to an inappropriate deci-
sion, rather than to any lack of effectiveness in the bullet.

Unless a bullet passes through certain parts of the brain or spinal cord, damaging
vital areas, its effect depends not only on the purely mechanical effect (and the
path of the wound channel) but also, to a very great degree, on the victim. His or
her emotional and psychological state are decisive. Drugs, alcohol and similar
also influence the effect of a bullet. So while effectiveness can be determined in a
general fashion on the basis of physical parameters, effect depends entirely on the
circumstances. There are numerous examples of this.

The influence of the mind on the effect of a bullet can best be illustrated by a
few examples. Victims of bullets can be divided into three groups, as Hatcher
(1927) has pointed out.

1. The victim is a harmless passer-by. He is fired at by chance (accidentally),
having done nothing to provoke an attack. Surprise will play a major role.
The effect of being hit by a bullet is generally very significant.

To take an extreme case, one could imagine an old lady standing next to an alarm pistol when it is
fired. If she faints, a dramatic effect has been achieved despite the absence of any injury.

2. The second group consists of those who expect to be, such as soldiers in
combat or police officers in a firefight with criminals. If a person in this
group is hit, the effect will generally be less marked than in the case of the
first.

3. The last group consists of persons whose consciousness is severely limited
by extreme excitement, fanaticism or concentration on a combat situation —
the “blinker effect.”

Examples include a bank-robber who emerges from a bank with a hostage and finds himself con-
fronted by a large police presence, a soldier storming an enemy position or a man shot during a
pub brawl.

Experience shows that persons in the third group, if hit in a non-vital part of the
body, will initially be quite unaware that they have been hit. Only when the ex-
citement has died down will the presence of blood draw their attention to the
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wound. Even injuries which eventually lead to the death of the victim (such as
rupture of the aorta or the heart) may not necessarily incapacitate the victim im-
mediately, if vital areas of the brain are not damaged.

During their colonial wars, the British often found that even several fatal hits to major blood ves-
sels from a large-calibre revolver did not stop an attacker. The victim was able to continue his
charge and slit his enemy’s throat before finally bleeding to death.

In one case known to the author, a policeman suffered a mortal wound to the aorta from a 45
Auto pistol bullet fired by a terrorist. Despite his injury, he was still able to empty his magazine at
the attacker.

These examples show the degree to which the psychological element influences
the effect of a bullet. It is impossible to predict this in advance, just as it is impos-
sible to predict the point of impact or the course of the wound canal. The effect of
a bullet can only be determined after the shot has been fired.

The only factor contributing to the effect of a bullet that can be determined
physically and influenced by design is the effectiveness. Effectiveness depends
primarily on the impact energy of the bullet (which constitutes its total potential
effect) and on its ability to transfer that energy along the course of the wound
channel.

4.1.2 Measures of effectiveness

4.1.2.1 Historical background

Ever since the end of the 19th Century, attempts have been made to determine the
effectiveness of a bullet, using measurements or calculations. The first attempts
were undertaken by doctors who had conducted a close study of bullet wounds. In
his books published at the end of the 19th Century, the famous surgeon and first
recipient of the Nobel Prize for Medicine, Prof. Theodor KOCHER of Bern Univer-
sity, assumed that what he called the “living force” of the bullet, which today we
would term its “kinetic energy,” played a decisive role in determining the effect.

Not long after, the effectiveness of a bullet was seen to be related to its ability
to transfer energy to tissue along the course of the wound channel. In 1908, C. G.
SPENCER, Professor of War Surgery at the Royal Army Medical College, London,
published a book with the title “Gunshot Wounds”. In the chapter entitled “The
Wounding Power of Bullets,” he described in detail how the “wounding capacity”
of a bullet depends upon:

1. Its (kinetic) energy.
2. The ease with which it can convert its energy into work following impact.

SPENCER related the second point to the cross-sectional area of the bullet, the de-
gree to which it tended to deform or fragment and its strength.
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Seen from today’s perspective, SPENCER’s points are correct. Unfortunately,
his conclusions were overtaken in the first decade of the 20th Century by the erro-
neous theory that effectiveness meant a bullet being able to “stop” an attacker, or
even knock him down.

4.1.2.2 The “stopping power” fallacy

The idea that a bullet can knock an enemy down has passed into the literature and
into everyday language through such terms as “stopping power.” The assumption
is that a bullet is capable of physically stopping a person who is in the process of
carrying out an attack.

This (erroneous) understanding of how bullets work is supported by film scenes in which a person
hit by a bullet is knocked flying.

In terms of physics, the transfer of movement from the bullet to the body is gov-
erned by the laws of collisions, which are based on the basic principle of conser-
vation of momentum (see 2.1.3.5). The movement transferred from the bullet to
the body is maximized if the bullet remains in the body. This is then a case of per-
fectly inelastic collision. If mg is the mass of the bullet and its velocity is vg, then
its momentum before impact is given by:

(4.1:1) Pg = mg Vg . [N-s]
If my is the mass of the body struck by the bullet and v is its velocity, then:
(4.1:2) px = (mg + myg)-vg . [N-s]

Bearing in mind the principle of conservation of momentum (pg = px), vk is given
by:

(4.1:3) v = — M6y, [m/s]
mG + mK

Even if we assume a very heavy bullet, and also assume that it remains in the
body (and hence transfers all of its momentum to the body), the “throwback ve-
locity” is completely irrelevant by comparison with the normal movement of a
pedestrian, and certainly by comparison with the velocity of an enemy during an
attack (v > 2 m/s). See also KARGER and KNEUBUEHL (1996).

Even the rotation about the point of contact between the soles of the feet and
the ground that acts upon the upper body when hit by a bullet (the force tending to
knock the victim over) is so slight as to be unnoticeable. Table 4-1 shows the
throwback and rotational velocities that typical bullets might cause.

The theory has been proven empirically. Alex Jason, an American forensic ballistician, allowed
himself to be shot with a 308 Win. assault rifle while wearing body armour and standing on one
leg. The impact of the bullet did not even cause him to wobble. The throwback velocity was ap-
proximately 10 cm/s. The experiment is documented on video.
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Table 4-1. Throwback velocity (vi) and rotational velocity (v) (mg = 80 kg)

Calibre mg VG E PG VK v
[g] [m/s] [J] [Ns] [em/s]  [s]
9 mm Luger 8.0 350 490 2.8 3.5 0.009
45 Auto 14.9 260 505 3.9 4.9 0.012
44 Rem. Mag. 15.6 440 1510 6.9 8.6 0.022
308 Winchester 9.5 830 3270 7.9 9.9 0.025
12/70 slug 31.5 400 2400 12.6 15.8 0.038

4.1.2.3 Traditional measures of effectiveness

“Stopping power” and “relative stopping power.” In 1927, HATCHER published
his book “Pistols and Revolvers and Their Use,” in which he defined the term
stopping power (StP). He started with the assumption that a bullet requires a cer-
tain amount of energy to penetrate the body to sufficient depth (about 25 cm). If
the bullet passes through the body, then only that part of the energy has an effect
that is transferred to the body. For a given energy, a bullet with a large cross-sec-
tion transfers more energy than a bullet of smaller calibre. The StP must therefore
be proportional to the cross-sectional area A. In a similar manner, HATCHER in-
cluded the effect of the shape of the bullet tip, via a form factor f. Round-nose
bullets were assigned a smaller figure than blunt bullets, as they transfer less en-
ergy. His formula was as follows:

(4.1:4) StP = E-A-f. “energy formula”.

In HATCHER’s original publication, energy E was expressed in foot-pounds and A in square inches,
with the factor f depending on the shape of the bullet tip (the “form factor”). A 9 mm Luger full
metal-jacketed round-nose bullet (E =370 ft-Ibs, A =0.099 sq.in., f=0.9) therefore has an StP of
33.0. For metric units, a conversion factor of 0.1144 is used.

The form factors in Table 4-2 appear to have been chosen in a somewhat arbitrary
fashion, on the principle of “the blunter the bullet, the greater the effect.” For in-
stance, there is no reason why a full metal-jacketed round-nose bullet should be
exactly 10% less effective than a lead round-nose bullet, even allowing for defor-
mation of the softer bullet.

Table 4-2. Form factors for StP (stopping power) and
RSP (relative stopping power)

Shape of bullet tip Form factor
Full metal-jacketed round-nose 0.9
Lead round-nose 1.0
Semi-Wadcutter 1.1
Wadcutter 1.25
Semi-jacketed * 1.25-1.35

a

Dependent on the degree to which the bullet mushrooms.
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In the new edition of his book in 1935, HATCHER replaced energy by momen-
tum I, which was supposed to better represent the effect of the bullet. He termed
this measure of effectiveness the “relative stopping power” (RSP) by contrast with
the StP and defined it as follows:

(4.1:5) RSP = 1000-1-A-f . “momentum formula”

In the original, momentum is expressed in “pounds velocity” and the area is once again given in
square inches. As the figures for I and A are very small, the right-hand side of Eqn 4.1:5 is multi-
plied by 1000, to yield more convenient numbers for the RSP. If I and A are expressed in metric
units, a conversion factor of 0.0179 is required.

In the case of a 9 mm Luger cartridge, for instance: If T=2.8 N's, A = 0.64 cm” and f= 0.9, we
obtain an RSP of 28.9.
HATCHER preferred the momentum formula, as it produced results that corre-

sponded more closely to those of LAGARDE’s empirical work (see 3.1.2).

WEIGEL’s measure of effectiveness. (Effectiveness of a bullet as a function of
the size of the channel in wood). WEIGEL, a well-known German ballistician, as-
sumed effectiveness to be proportional to the volume of the channel in wood
(WEIGEL 1975). He was hence the first person to use a simulant to study the inter-
action between bullet and target.

WEIGEL measured the depth to which various bullets penetrated fir, and derived
an empirical formula from the results. Multiplying the penetration depth by the
cross-sectional area gives the theoretical channel volume, which he took as indi-
cating the effectiveness. His equation was:

(4.1:6) W, = 0.00024-m-v" . [kg-(m/s)"]

It is interesting to note that if we disregard the constants, WEIGEL’s measure of ef-
fectiveness Wy corresponds to the geometric mean M of momentum I and energy
E:

4.1:7) Wy « JI-E « \/m-v-m-v2 = \/mz-v3 =m-v"?.

Tables 4-3 and 4-5 list values of Wy for a number of bullets.

Because the volume of the geometrical channel in the wood is often substan-
tially less than the volume of the temporary cavity, and because its relationship to
penetration depth is different, Wy is only of limited use as a measure of the effec-
tiveness of a bullet. Nonetheless, it is better than either of the HATCHER formulas.

SELLIER’s measure of effectiveness. SELLIER proposed the pain caused by the
temporary cavity as a measure of effectiveness. Of the two possible geometrical
dimensions — volume and internal surface area — he selected volume, on the
grounds that, as we have seen in Chapter 3, internal surface area is directly related
to work done, and hence also to damage caused.

The principle is therefore: effectiveness is proportional to the energy that the
bullet is able to transfer to the tissue, i.e. the potential damage. This energy is pro-
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portional to the volume of the temporary cavity and hence is also related to the
amount of damaged tissue, which naturally depends on the nature of the tissue.

The thought process is as follows: The volume of the temporary cavity is given
by the following equation:

(4.1:8) V = u-E, . [cm’]

We have already derived the residual energy of a bullet that has penetrated a dis-
tance s (see 3.2.3.2 and Eqn 3.2:15):

(4.1:9) EGs) = E, e 2", ]

a

with retardation coefficient R:

(4.1:10) w = 2.5 [m]
2. q

If two bullets have the same energy and similar form, but different sectional den-
sities q, the bullet with the smaller value of q will have the greater retardation co-
efficient. It will therefore transfer more energy and hence create a larger tempo-
rary cavity. That bullet is therefore considered to be the more effective of the two.
From this, SELLIER developed a simple measure of effectiveness Wry. Taking the
entire wound channel into consideration, he made this measure proportional to
impact energy and inversely proportional to sectional density:

E
(4.1:11) W, o —* .
q

If we substitute the basic variables mass (m), velocity (v) and the cross-sectional
area of the bullet (A) for E, and q, assume a proportionality factor of 2 and divide
v by 1000, to obtain convenient numbers, we obtain:

2
v

4.1:12 W = A- ,

@1:12) w = A re)

(with A in mm? and v in m/s). Table 4-3 lists this value for a number of calibres,

alongside the WEIGEL and HATCHER criteria.

Determining effectiveness using the relative incapacitation index. The meas-
ures of effectiveness discussed so far can all be determined purely from the bul-
let’s physical/ballistic data (mass and velocity) and arbitrary constants. The chan-
nel in a body (or simulant) is ignored.

The oldest and probably most well-known means of including the form and de-
velopment of the temporary cavity in the process of determining effectiveness is
based on the vulnerability index (VI). See Fig. 4-1. Depending on the position of
the wound channel and on the organs damaged by the bullet as it passes along this
channel, VI will vary as a function of penetration depth.
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Table 4-3. Effectiveness of handgun cartridges, measured in accordance with four criteria
(Wg, Wry, StP and RSP)

Cartridge m v E A VA Wy Wy StP RSP
l[e] [ms] [ [mm’] [cm]

22 short 1.85 285 75 246 8.2 2.0 2.0 1.9 24
22 LR. 2.55 330 142 246 144 3.6 2.7 3.5 33
6.35 Browning 325 230 88  31.7 8.4 2.7 1.7 2.8 4.2
7.63 Mauser 5.5 440 535 460 254 117 89 25 20
7.65 Browning 4.8 300 216 460 12.6 5.8 4.1 10 12
9 mm Browning, 6.0 265 215 63.6 9.5 6.1 4.5 14 19
short

9 mm Luger 8.0 350 490 636 172 110 7.8 31 32
38 Spl 10.2 265 330 63.6 145 9.3 45 24 35
357 Mag. 10.2 450 1010 636 360 230 13.0 74 60
44 Rem. Mag. 16.0 475 1800 985 41.7 413 223 182 135
45 Auto 16.0 260 516 994 149 148 6.7 15 59

Penetration in fir for solid lead bullets: theoretical maximum values.

The VI and the cross-section of the temporary cavity as a function of distance
travelled s are used to calculate the relative incapacitation index, RII, using the

equation below.

8 =Smax
(4.1:13) RII = > m-ri(s)-VI(s) As,
s=0
s 1 distance travelled
Smax © Mmaximum distance (if s > 22 cm, Sy, = 22 cm)
VI(s): valueof Vlats
r(s) : radius of the temporary cavity at s
As : size of summation increments (the thickness of the “slices” into which the temporary cav-
ity is divided).

The VI/s curves in Fig. 4-1 are the result of computer simulation using Computer Man) see 3.4.2.3
and the Monte Carlo method (approx. 10,000 shots per curve).
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Fig. 4-1.  Vulnerability index for a
9 mm Luger Silvertip bullet produced
by W-W. Energy transfer and anatomy
have been taken into account. The
curve is therefore valid only for one
direction of fire.
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Fig. 4-2.  Form and size of the temporary cavity as a function of impact velocity (top left).
Bullet as in Fig. 4-1.

As we have seen, the degree to which a fragmentation bullet fragments depends
on velocity and position. If one fires such a bullet into gelatine or soap, varying
impact velocity v,, one obtains temporary cavities of differing forms (see Fig. 4-2).
For each of these cavities, we can use Eqn 4.1:13 to calculate the RII as a function
of velocity. For a given calibre, we can therefore determine the velocity that yields
maximum effectiveness. See Fig. 4-3: curve for Silvertip 9 mm Luger bullet ma-
nufactured by Winchester Western (m = 5.5 g).

Power Index Rating. Because of the extensive experiments and calculations re-
quired to determine the RII, and because the RII is unfavourable to certain cali-
bres popular in the USA, new experiments were conducted, in an effort to de-
scribe the effectiveness of handgun bullets using easily-obtained data.

American author MATUNAS (1984) published an effectiveness formula to cal-
culate what he called a “power index rating”(PIR). The formula was as follows:

100
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0 S S ol MR B — i index) calculated from Figs 4-1 and 4-2,
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v; -ET-B

(4.1:14) PIR
12111

British/U.S. system

Where: v, is impact velocity in ft/s, ET the “energy transfer value” from Table 4-4 a, B the mass of
the bullet in grains and D a “diameter value” from Table 4-4 b.

Using the figure of 12111 in the numerator, the author standardized what he saw
as a satisfactory bullet (38 Spl with PbHP bullet) to 100. He used this as the basis
of an assessment scale (see Table 4-4 ¢).

The PIR is also based on impact energy. In metric units, substituting energy di-
rect, the formula for PIR is as follows:

(4.1:14a) PIR = 274-E-ET-D. E in Joule

The two additional factors ET and D introduce a substantial measure of subjectiv-
ity into the value of PIR, although these values could be derived from the author’s
experience. Why, for instance, should calibres of 10.15 to 11.41 mm automatical-
ly be 10% more effective than those of 8.88 to 10.14 mm? The same applies to
ET.

Table 4-4 a.  Energy transfer value (ET) for PIR

ET Description

0.01 Bullets of which the cross-section increases on impact

0.0085  Shape-stable bullets of which the face accounts for at least
60% of the cross-section

0.0075  All other shape-stable bullets

Table 4-4 b. Diameter value (D) for PIR

D Calibre range [mm] Calibre range [in]
0.80 5.05-6.33 (.200-.249)
0.85 6.34-7.60 (.250-.299)
0.90 7.61-8.87 (.300-.349)
1.00 8.88-10.14 (.350-.399)
1.10 10.15-11.41 (.400—.449)
1.15 11.42-12.69 (:450-.499)

Table 4-4 ¢. Assessment table for values of PIR (MATUNAS)

PIR Effectiveness
<24 Unusable
25-54 Usable only if particular areas of the body are hit
55-94 Usable to some extent, but often unsatisfactory in practice
95-150 Ideal
151-200 Very effective

> 200 Too powerful
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“Knockout Value”. The “Knockout Value” (KO) formulated by TAYLOR (1948)
is another momentum-based effectiveness formula. TAYLOR was a British big-
game hunter. His formula for assessing hunting ammunition was as follows:

(4.1:15) KO = m-v-k.

The above formula uses mass in pounds, velocity in feet per second and calibre in inches. In order
to produce the same figures when using SI units (grammes, metres per second and millimetres re-
spectively), one must apply a conversion factor of 0.000285 to the right-hand side.

Unlike HATCHER's RSP, this formula uses calibre rather than the face area A. As a
result, this plays a lesser role than in the RSP formula. The KO formula takes no
account of deformation, which indicates that it may well have been intended only
for solid and full metal-jacketed bullets of the types used for big-game hunting.
We include this formula purely for the sake of completeness.

CARANTA and LEGRAIN’s experiments using clay as a simulant. Like wood,
clay is heterogeneous, and its behaviour depends to a very large extent on its
composition and moisture content. It is significantly denser than that of soft bio-
logical tissue and its flow behaviour when struck by a bullet is totally different.
As a result, clay can only be used for purposes of comparison, and even then only
if the density, granulometry, water content, plasticity, etc. of the blocks of clay are
sufficiently similar. Reproducing experiments with clay at a later date, or at an-
other location, is likely to be very difficult. Nevertheless, clay is still used on oc-
casion to assess the effectiveness of bullets.

CARANTA and LEGRAIN (1993) conducted an extensive set of experiments. The
reason for their study was the famous controversy as to which is the more effec-
tive handgun bullet — the 9 mm Luger or the 45 Auto.

A propos this “famous controversy”: The question as to whether the 9 mm Luger or the 45 Auto is
the more effective pistol cartridge is an old one, but one which continues to be discussed today.
The two cartridges have approximately the same energy, but the differences in calibre and mass
give them different characteristics, rendering the one more suitable for certain roles and the other
more suitable for others. The debate has given rise to numerous studies.

CARANTA and LEGRAIN confirmed a military criterion, whereby a bullet is “effec-
tive” if it passes through a 25 mm piece of fir. For close-quarter defensive weap-
ons they increased this value (arbitrarily) to 50 mm.

The cavities that the bullets caused in clay were measured up to a depth of
15 cm. Although both authors noted major differences, they decided that a cavity
volume of 0.62 1 was a representative value for the better of the two calibres and
set a minimum volume of 0.60 1 as the criteria for classifying a handgun cartridge
as “effective.” The connection between this and the criterion of a bullet passing
through a fir plank of a given thickness is not entirely clear.

The authors conducted a large number of tests on what was unfortunately a
highly dubious basis, using 10 different weapons and a variety of ammunition
types. They recorded the results with great thoroughness, measuring volume, lon-
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gitudinal cross-section and the diameter at various points along the cavity. Ta-
ble 4-5 shows examples of their results.

Comparison between the various effectiveness criteria. To conclude our dis-
cussion of the common bullet effectiveness criteria, Table 4-5 summarizes the
rating that the different criteria assign to a number of typical handgun bullets
(KNEUBUEHL, 1990b). We have been careful only to compare values that are in-
deed comparable. In the case of the effectiveness criteria derived from experi-
ments, differences in velocity between the experiments to compare should not
make more than 10 m/s.

Table 4-6 summarizes the various rankings, with 1 representing the bullet rated
most effective according to the criterion concerned.

These figures are highly informative, in that they clearly show that it is well-
nigh impossible by means of simple numbers to measure the effectiveness of rifle
or handgun ammunition objectively and in a manner that is generally valid. As the
table shows, the 38 Spl LRN and lead wadcutter are at the bottom of the rankings,
regardless of which effectiveness criterion is used, Conversely, three bullets take
first place, with seven in second place. One bullet takes first place or last place,
depending on the criterion chosen, while another is to be found anywhere between
second and tenth place. The smallest difference between best and worst place for a
given bullet is 4.

This is the clearest possible illustration of how disparate the assessment of
bullet effectiveness can be if simple criteria are applied. It also shows how much
subjectivity is involved in the formulas.

MARSHALL and SANOW’s “street results” MARSHALL and SANOW (1992) ad-
dressed the question of bullet effectiveness from the point of view of practical ex-
perience. They called their work a “definitive study” and believed they had found
the secret of producing a definitive assessment of effectiveness, using data from
real-life cases. MARSHALL spent a huge amount of time analysing over 1800 fire-
fights (“street results”), looking exclusively at first hits to the body or head. A
shot was deemed to have been effective if it caused instantaneous incapacitation,
or prevented the victim from fleeing more than 3 m. For each calibre and type of
bullet, he calculated the ratio of effective hits (according to these criteria) to the
total number of cases analysed. This percentage figure was then taken as the ef-
fectiveness of the bullet (“mean effect” would have been a more precise term).

At first sight, this definition of effect, drawn from “real life,” would appear to
solve the old problem. However, the validity of the results is beset by a number of
statistical and other pitfalls.

The numbers the authors give to describe effect are in fact simple frequencies,
just like RII. Statistically speaking, the two criteria are analogous.
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Table 4-5. Comparison between the various effectiveness criteria
Calibre No. Bullet M E RSP StP Wy PIR C/L RI Wiy
[Ns] [J]
9 mm Luger 1 FMJ 2.58 415 265 140 108 85 0.69 113 3.30
2 SJHP 277 511 395 239 124 140 1.63 282 7.80
38 Spl 3 LRN 254 316 290 11.8 94 65 037 48 197
4 SJHP 2.19 388 312 182 9.7 106 1.72 289 7.18
5 LSWC 257 324 322 133 95 76 117 6.7 2.02
6 LWC 2.13 235 304 11.0 74 64 059 9.0 2.16
357 Mag. 7 LRN 3.58 628 40.8 235 157 129 0.70 21.0 3.92
8 SJHP 340 714 485 334 163 196 1.69 40.8 10.10
9 SJHP 350 600 499 281 152 165 1.45 223 6.74
45 Auto 10 FMJ 392 515 646 278 149 117 - 43 3.53
11 SJHP 358 492 819 369 139 148 198 18.0 6.95
Table 4-6. Rankings
Calibre No. m Vo 1 E RSP StP Wy PIR C/L RII Wiy
[g] [m/s]
9 mm Luger 1 80 322 7 7 11 8 7 8 8 7 8
2 75 369 6 5 6 5 6 4 4 3 2
38 Spl 3102 249 9 10 10 10 10 10 10 10 11
4 62 354 10 8 8 7 8 7 2 2 3
5 102 252 8 9 7 9 9 9 6 9 10
6 97 220 11 11 9 11 11 11 9 8 9
357 Mag. 7 102 351 2 2 5 6 2 5 7 5 6
8 81 420 5 1 4 2 1 1 3 1 1
9 102 343 4 3 3 3 3 2 5 4 5
45 Auto 10 149 263 1 4 2 4 4 6 - 11 7
11 13.0 275 3 6 1 1 5 3 1 6 4
Abbreviations used in Tables 4-5 and 4-6
m  mass of bullet Vo impact velocity

1 momentum

RSP “Relative Stopping Power” (Hatcher)
Wy Weigel’s formula (wood model)
RII ,Relative Incapacitation Index*
C/L Clay (Caranta and Legrain)

StP
PIR
Wy

energy

“Stopping Power” (Hatcher)
“Power Index Rating” (Matunas)
Sellier’s formula

For instance, if Cartridge A has a “street result” value of 88% and Cartridge B a value of 76%, one
may conclude that, over a large number of incidents, Cartridge A will achieve a few more suc-
cesses than Cartridge B. Whether Cartridge A will actually prove to be the better type in the next
incident (which could be one’s last), cannot be deduced from these figures.
The number of cases analysed varies enormously from one cartridge type to another. Some
percentages were calculated on the basis of just five cases (!), while others are based on 400. It is
misleading to compare two types of cartridge on the basis of such widely different frequencies.
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The data used to assess the effect of the cartridge are derived from the effect ob-
served in real life. In theory, there can be no objection to this. However, a large
number of parameters are missing — exact point of impact, condition of the
weapon, mental state of the victim, etc. — which introduces considerable scatter.
This in turn makes it very difficult to draw comparisons and renders any predic-
tions highly unreliable.

MACPHERSON’s “Wound Trauma Incapacitation” In his book “Bullet Penetra-
tion” (1994) MACPHERSON introduces a criterion for assessing the effectiveness of
a bullet that can be determined using gelatine. His method is based on the damage
done to the tissue, i.e. the effect of the bullet. He therefore excludes energy as a
criterion because, for instance, a bullet fired into water transfers energy to the
water, yet does not damage it.

In the case of tissue, the damage caused depends to a large extent on the struc-
ture of the tissue and its physical characteristics, and on the extent to which it can
absorb the energy from the bullet and convert it into work. For his “Wound
Trauma Incapacitation” (WTI) MACPHERSON therefore chose the volume of the
gelatine damaged by the bullet.

It is virtually impossible to determine this volume empirically to a sufficient degree of accuracy.
Methods of measuring the effect of a bullet by measuring the volume of tissue damaged (debride-
ment) had already been proposed (BERLIN et al. 1976, BERLIN et al. 1977), but were rejected
because the results varied too widely from one person to another. The same result is to be expected
when using gelatine.

MACPHERSON determined this volume analytically, using empirical constants
(coefficient of resistance and bullet constant) obtained from experiments with
gelatine. Despite his detailed instructions, it would appear to be relatively difficult

to repeat the process in other laboratories in such a way as to produce comparable
results.

4.1.2.4 Summary and conclusions

We can divide the effectiveness criteria discussed in 4.1.2.3 into three categories:

1 Criteria based on the momentum of the bullet.
2 Criteria based on the energy of the bullet.
3 Statistics-based criteria.

The momentum criteria include HATCHER’s “Relative Stopping Power” (RSP)
(1935) and TAYLOR’s “Knockout Value” (KO). As mentioned earlier, the mo-
mentum of a bullet has very little to do with its possible effect in the body. It is
therefore impossible to apply momentum-based criteria to bullets that penetrate
the body.

The energy-based criteria include HATCHER’s “Stopping Power” (StP) (1927),
MATUNAS’ “Power Index Rating” (PIR) and the measures of effectiveness pro-
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posed by WEIGEL (Wy) and SELLIER (Wy). All these criteria include the impact
energy of the bullet and hence the maximum energy that the bullet could transfer
to the body. However, the effectiveness of a bullet depends not on the energy
available to it, but on the energy that it is capable of transferring to the tissue.
Each formula therefore requires additional variables that take account of the be-
haviour of the bullet in tissue. In the cases of StP and PIR, these are coefficients
chosen by the authors, which naturally include a high degree of subjectivity (e.g. a
preference for larger calibres). Wy uses a formula that approximates the volume
of the wound channel in wood, while Wty uses theoretical considerations regard-
ing energy transfer to introduce the sectional density of the bullet (taking account
of deformation). CARANTA and LEGRAIN (C/L) use the volume of the cavity cre-
ated by the bullet, which is proportional to the energy transferred. Unfortunately,
they chose clay, which is a very unsuitable medium.

None of these criteria is capable of representing the local potential energy
transfer, which is what counts as far as effectiveness is concerned. If we disregard
those that include subjective adjustments and those based upon cavity volumes in
unrepresentative materials, the only measure of effectiveness remaining is that of
SELLIER, Wry. However, even this value can only be taken as a rough indication,
as it does not tell us the amount of energy transferred at a given point.

The statistical methods — “Relative Incapacitation Index” (RII), “Street Re-
sults” and “Wound Trauma Incapacitation” (WTI) all aim to record the effect of
the bullet. RII is based on the simulation of bullet wounds using Computer Man,
which in turn is based on the results of animal experiments. The “Street Results”
are based on statistics from a few thousand real-life firefights. WTT is calculated
with the aid of parameters derived from experiments with gelatine.

All three methods use the effect of the bullet on the human body — real or
simulated. The RII and “Street Results” also take account of elements of the effect
that are independent of the bullet. RII takes account of the point of impact and the
path of the wound channel, but not of the physical or mental state of the victim.
The “Street Results” are based on actual effect, but are subject to systematic and
random errors (selection of cases, definition of “stop,” missing ballistic data, etc.).

WTI, despite claiming to describe effect (i.e. the destruction of tissue), takes no
account of the direction or length of the wound channel, which means that it is
only valid for gelatine.

Effect criteria ignore the fact that the energy that a bullet transfers to a medium
cannot be compared with the energy that the medium absorbs or the energy con-
verted into work. The energy transferred as a function of penetration depth is vir-
tually the same in all accepted simulants, and in biological tissue, and can hence
be used as a measure of the effectiveness of the bullet (its potential effect), inde-
pendent of the medium and of the path of the wound channel. The energy con-
verted into work, which is what does the actual damage, depends very much on
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the tissue and its physical characteristics. It therefore cannot be seen purely as a
characteristic of the bullet.

4.1.3 Determining the effectiveness of a bullet

4.1.3.1 Definition of effectiveness

From 4.1.1.1, we see that the wounding potential of a bullet — its effectiveness —
has to be based on the mechanical work that the bullet does on tissue. This work is
equal to the energy transferred from the bullet to the tissue. Because the amount
of energy transferred can vary significantly along the wound channel, it would
appear appropriate to define the effectiveness of a bullet as the energy transferred
per unit distance, as a function of penetration depth. The unit of measure is hence
energy per unit distance, with J/cm yielding a suitable order of magnitude. For a
distance As, Eqn 3.2:5 (see 3.2.2.5) gives:

AE

(4.1:16) ~ El, (s) = —2-R(s)-E(s) . [J/em]

According to this definition, effectiveness (in mathematical terms) is the gradient E',y(s) of the
energy transfer function E = E(s) for E(0) =0 and E(Spax) = Ea, Where sy, is the depth at which
the bullet comes to rest and E, is the impact energy.

The energy transferred at a point s along the path As is hence proportional to the
energy remaining at that point E(s) and the retardation coefficient R. R depends
on the density of the tissue and on the resistance coefficient Cp, and is inversely
proportional to the instantaneous sectional density of the bullet at s (remaining
mass divided by instantaneous cross-sectional area in the direction of travel). See
Eqn 3.2:4a.

(4.1:17) R = 2P [m]

2-q(s)

If a bullet deforms inside the medium, or undergoes yaw, sectional density decreases and the
retardation coefficient increases. According to Eqn 4.1:16, the amount of energy transferred will
also increase.

The effectiveness of the bullet is independent of the path of the wound channel
and of other circumstances that influence the effect of the bullet, such as psycho-
logical factors. Effectiveness is one of the characteristics of a particular bullet.
This implies that the effectiveness of a bullet can only be measured using prede-
fined, suitable simulants (as described in 3.3). This is an essential precondition for
comparing the effectiveness of one bullet with that of another.
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4.1.3.2 Measuring effectiveness

MARTEL’s law (see 2.3.7.3) comes into play when determining effectiveness em-
pirically. If a bullet penetrates a deformable medium and displaces material, the
volume created is proportional to the energy used. This is true not only for glyc-
erine soap (which undergoes plastic deformation) but also for gelatine, in which
only a temporary cavity is created. Determining the effectiveness of a bullet is
therefore a matter of determining the volume of the cavity that the bullet creates in
a simulant.

We have already described in detail (in 3.3) the methods used for gelatine and
glycerine soap. Figures 4-4 and 4-5 show the effectiveness functions for two bul-
lets, by way of example.

For many years, the ballistic laboratories of Dynamit Nobel AG have been de-
termining the effectiveness functions of bullets using gelatine (GAWLIK and
KNAPPWORST 1972, and KNAPPWORST 1976). Methods using soap have been de-
veloped at the ballistics laboratory of the Swiss ministry of defence (KNEUBUEHL
1999a). The results of the two methods correspond closely.

4.1.4 Military effectiveness criteria

4.1.4.1 Definitions of effectiveness

For military purposes, the effectiveness of a projectile is generally defined ac-
cording to one of the following principles:

1. A projectile (be it a bullet or a fragment) is “effective” if it has enough ki-
netic energy to pass through a specified thickness of a specified material.

2. A level of kinetic energy is specified for the projectile that is held to be just
sufficient to incapacitate a person.
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3. The probability is specified of a projectile with a given energy incapacitat-
ing a person.

Regarding the first principle: 1t is very easy to verify that a projectile meets effec-
tiveness criteria based on a projectile passing through a hard material. As a result,
such criteria are popular and are in widespread use. In general, common materials
are used that can be defined reasonably well and are easy to obtain.

The materials used are generally pine or fir boards with thicknesses ranging from 20 to 40 mm,
and steel or aluminium sheet with thicknesses ranging from 1 to 3 mm. Wood is less suitable, as it
has a heterogeneous structure and is not easy to describe, on account of such factors as moisture
content.

In Germany, for instance, a projectile is deemed effective against persons if it passes through a
sheet of galvanized steel sheeting 1.5 mm thick (St 37, DIN 17100). A 7 mm steel sphere requires
80 J to pass through such a sheet. Naturally, the energy required varies with the diameter of the
sphere.

The disadvantage of determining effectiveness in this manner is that whether or
not a projectile passes through a hard material depends primarily on the energy
density of the projectile, whereas effectiveness depends on the energy transferred.
As a result, this method can lead to totally erroneous decisions.

Principle 2: The amount of kinetic energy a projectile needs, in order to put a
soldier out of combat is generally termed the casualty criterion.

RHONE (1896) formulated the first effectiveness criterion, according to which
the transfer of 80J of energy was sufficient to cause incapacitation. GURNEY
(1944) was of the opinion that this value applies to projectiles weighing between
50 mg (fragments) and 30 g. Over the years, therefore, various States have laid
down energy thresholds of this type (see Table 4-7).

The large difference between the French and Russian values (1:6) indicates that
this criterion is not very useful. FINCK (1965) stated that it would appear difficult
and unrealistic to lay down a standard of this type. Many other factors, such as the
form of the bullet tip, the path of the wound channel, etc., have a major effect on
the energy required to cause incapacitation.

It is worth repeating what was said about the effect of a bullet in 4.1.1: The ef-
fect depends not only on the energy transferred (the effectiveness) but also, to a
large extent, on the physical and mental state of the victim. A highly motivated
fighter (e.g. in the Pacific theatre during the Second World War, see CHURCHILL,

Table 4-7. Energy thresholds laid down by States

State Threshold [J] Note

France 40

Germany 80 RHONE, 1896

USA 80 GURNEY, 1944
Switzerland 150 Until ca. 1975, later 80 J.

Russia 240
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“The Second World War”) or the native defending his land against the white in-
vader (i.e. the colonial wars) requires a more effective projectile for a given effect
than does the unmotivated soldier. The path of the wound channel in the body is
also highly significant. For a given energy transfer, a bullet passing through the
neck will have a very different effect to that of the same bullet passing through the
soft tissue of the thigh.

Principle 3: this is the subject of the next section.

4.1.4.2 Probability of incapacitation

General. The probability that a person will be incapacitated due to the effective-
ness of a bullet or a fragment is determined not by a single energy value, but by a
number of parameters. These are:

1. The ballistic properties of the projectile, generally the impact energy %-m-v>
or a more general function of m and v: m*-v’,

2. The point of impact and the path of the wound channel in the body.

3. The activity on which the soldier is engaged (attack, defence, etc.). Psycho-
logical and other factors come into play here.

Military wound ballistics literature express such probability functions as P(I|H),
where I = incapacitation and H = hit. P(I|H) is hence the probability of incapaci-
tation occurring if a soldier is hit.

P(IJH) = 0.2 therefore means that if we consider a large number of soldiers, 20% will be incapaci-
tated, but that 1 - P(I|H) = 0.8 (80%) will still be capable of fighting. This figure takes no account
of the fate of the individual; P(I|H) is a statistical figure, which is only relevant when taken as the
mean over a large number of persons.

It is interesting to consider the form a P(I|H) function should take in principle, if it
is to take account of energy and other factors. For very small amounts of energy
E,, P(IJH) = 0. As E, increases, so does P(I|H), tending towards 1 as E, increases
further. A further increase in E, produces no further increase in P(I|H), leading
only to what in military terms would be dubbed “overkill.” The function must
therefore yield the following:

for E. — 0 = P(IH) — 0 and
for E, - ) = PJH) —» 1.

A large number of functions fulfil these requirements. The simplest and most
widely-used belong to the following two classes of exponential function:

(4.1:18) y = 1 —-exp(—a-x + b)",

1

4.1:19 = .
( ) Y 1 + exp(—a-x + b)"
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For small values of exp(—a-x + b)" (y close to 1) the two equations are related as
follows:

1
1+ z

(4.1:20) ~ 1-1z, iflz|<<1.

Under these conditions, the results of the two equations are practically identical.

Incapacitation formulas. In addition to impact energy E, (or the mass and veloc-
ity of the projectile), the two equations include the following parameters:

1 The probability of a particular area of the body being hit, depending on the
soldier’s activity at the time.

2 The probability of incapacitation for a given wound channel in a given area
of the body.

The first of these probabilities can only be determined from combat experience.
BEEBE and DE BAKEY (1952) give the values listed in Table 4-8, for instance. It is
interesting to note that these figures remain virtually constant over different wars,
even though the percentage of wounds caused by different projectiles (fragments
vs. bullets) is very different in some cases.

The second type of probability is determined separately for each area of the
body (head and neck, chest, abdomen, arms and legs). The P(I|H) for a person as
whole is hence the sum of the individual P(I|H) values, multiplied (weighted) by
the probability of a particular area of the body i sustaining a hit (p;). See Table 4-8
for examples.

We can therefore write:

5

4.1:21) P(I|H) = > PI[H), p,. [-]

i=1
While values for p; are known from statistics or combat experience, or can be de-
termined without too much work, determining P(I|H) demands considerable re-
sources in terms of money, personnel and time, quite apart from the incredible
number of animals required (over 10,000). As a result, the values and parameters
determined empirically are almost always secret, to ensure that these hard-won
values do not fall into the hands of a potential enemy.

Table 4-8. Hit distribution for US infantrymen in the Second World War

Area of body Body surface area Hits
[%] [%]
Head and neck 12 21
Chest 16 13
Abdomen 11 8
Arms 22 23

Legs 39 35
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To determine P(I|H), it is necessary to carry out test shots for each part of the
body i, for a specific bullet, at a number of different impact velocities v,. This
then yields the length and diameter of the wound channel for a standing person.
An experienced doctor can then determine the probability of incapacity if a par-
ticular organ (or part of an organ) is hit. See also 3.4.2.3 and 3.4.2.4.

It is not possible to determine the wound ballistic effect on a person without
comparing the results with real wounds. The well-known formulas drawn up by
SPERRAZZA and ALLEN in 1956 (SPERRAZZA 1962, SPERRAZZA and KOKINAKIS
1965) used the results of animal experiments and involved firing bullets into body
parts of goats. The decrease in velocity in various organs was then measured. In
addition, shots were fired into living animals, and their behaviour was observed.
After the animals had been killed they were dissected and the findings analysed
from a pathological point of view, in order to draw conclusions regarding the ef-
fects of bullet wounds on humans. It is easy to see how much work went into de-
termining the parameters for the P(I|H) function.

We shall now look at a number of equations for P(I|H), as proposed by various
authors and States.

SPERRAZZA and ALLEN produced the following formula, which applies to
spherical and cuboid fragments:

(4.1:22) P(I|H) = 1 - exp[-a-(m-v)>-b)"]. [-]

The values of a, b and n were kept secret for many years. These parameters allow
the formula to take account of the activity the soldier is undertaking when hit. It is
interesting to note that in this instance P(I|H) depends not upon v,* (i.e. energy)
but upon va?, i.e. the geometric mean of the energy and momentum of the bullet.
Eqn 4.1:22 was not sufficiently general, however (e.g. it did not describe the
wound ballistic effects of dart-shaped projectiles), and so attempts were made to
find a better (in the sense of more general) equation.

DZIEMIAN (1958) produced an equation that related P(I|H) and the energy E;_
15 em transferred to a gelatine block 15 cm in length. The block length was chosen
on the assumption that a wound channel 15 cm in length will reach any vital or-
gan, regardless of the direction from which the projectile comes, and that deeper
penetration will achieve no further effect. It was also assumed that a projectile that
penetrates no further than 1 cm will not damage any tissue that would incapacitate
the person (except in the case of the hand).

DZIEMAN’s equation is as follows:

1
(4123) P(I‘H) - 1 + exp[—(a + b'lOgEl_lscm)] . [_]

Constants a and b should be the same regardless of the projectile type — fragment
or bullet.
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Initially, energy E(i-i5.m) was determined using high-speed film of shots into
gelatine. This technique is very expensive and time-consuming, however. At-
tempts were therefore made to find simpler methods. The tried-and-trusted ballis-
tic pendulum was chosen, although this approach does only allow one to measure
the energy AKE transferred to the gelatine block.

Using energy transfer AKE yielded the following incapacitation formula:

(4.1:24) P(I|H) = 1 — exp(—a-AKE)" . [-]

The significance of the parameters a and n has already been discussed above.

The NATO wounding criterion, formulated in 1975 by STURDIVAN on the basis
of secret research, uses expected kinetic energy (EKE), which is calculated as
follows:

(4.1:25) EKE = jp(x).F(x).dx. ]

where p(x) is the probability of the bullet still being in the body at point x and
F(x) is the decelerating force acting on the bullet at point x. This force is meas-
ured from centimetre to centimetre. The integral for F(x)-dx is simply the energy
transferred to the body. However, energy can only be transferred if the bullet is
still in the body at x. This is reflected in the inclusion of p(x). For a given individ-
ual, p(x) is 1 if the bullet is still in the body and zero if it has left the body. This is
known as a rectangular function. However, if one considers a population of indi-
viduals, p(x) does not drop from 1 to 0 instantaneously: the value of p falls gradu-
ally, on account of the scatter in the dimensions of the human body. Fig. 4-6
shows probability curves (p(x)) for bullet track length in various parts of the body.

In practice, x-ray flash photography was used to measure the decrease in the velocity of the bullet
in the 30 cm gelatine block from centimetre to centimetre, and the velocity/distance curve ex-
trapolated out to 45 cm. EKE was than calculated using the discretized form of Eqn 4.1:25.

STURDIVAN’s equation is as follows:

b e

— = Pelvis
= Abdomen
——--e- - ArMS

cvsmrmre Legs
rrrerereneens - Entire body

Fig. 4-6.  Probability curves p(x)
for bullet track length in various
parts of the body as a function of
penetration depth x. The solid curve
is the mean of the other two curves,
and refers to the body as a whole.
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1

,Bs
1+a.[EKE_1j
¥

where o, B and y are once again (secret) constants that serve to adapt the curve to
the circumstances. At a later stage, the equation was improved (or so it was
claimed) by replacing the numerator with a constant L, of which the value was
something other than 1.

In summary, it would appear that a lot of “playing with numbers” is going on
here, in connection with all the expressions for P(I|H) cited above. This could well
be linked to the excessive and uncritical use of the computer to analyse the results.
Indeed, this is hinted at by the large number of terms used to describe one thing —
the incapacitation of a soldier as a function of impact energy. It also shows that
there is considerable variation in the reaction of a biological system to trauma,
although “integrating” over a large number of individuals can compensate for this
to some extent.

One should therefore take a critical view of these expressions. Ultimately, they
are simply a mathematical description of the situation. They do not establish any
physical or pathological relationship. At best, they show that for low impact
energies the effect (i.e. incapacitation) is negligible (P(I|H) = 0, whereas for very
high energies (“overkill”) a virtually 100% effect is to be expected (P(IH) = 1).

Table 4-9 lists the most significant of the effectiveness criteria proposed in the
USA over the years.

(4.1:26) P(I/H) = [-]

Table 4-9. Summary of the US effectiveness criteria

Author Criterion Year
BENTON Bullet passes through fir plank 1867
RHONE Kinetic energy: 80 J 1896
ZUCKERMAN m®*v (bullet passes through) 1942
SPERRAZZA and ALLEN ~ m-v*? 1956
DZIEMIAN E | 15cm, energy transfer in 15 cm of gelatine 1960

STURDIVAN Expected kinetic energy (EKE) 1975
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4.2 Wound ballistics of handgun bullets

4.2.1 Penetration depth of handgun bullets and ability to pass
through gelatine, soap, muscle and bone

4.2.1.1 General

The material in this section applies primarily to bullets fired from handguns (i.e.
pistols and revolvers), and such bullets generally carry relatively little energy.
They are therefore significantly less effective than rifle bullets, which carry many
times more energy. The direct effect of the bullet is hence more important than the
effects of the temporary cavity (indirect damage). Two factors that are of more
importance in connection with handgun bullets are penetration depth and the
minimum velocity required for the bullet to penetrate and pass through various
materials. These factors are of secondary importance when considering rifle bul-
lets, as a rifle bullet will always have more than enough energy to pass right
through the body, except at the end of its trajectory or in the case of a ricochet.

In the next few sections, we shall look at equations linking penetration depth to
bullet characteristics and ballistic parameters (mass, form factor and velocity) and
to the properties of the target. In all cases, we shall attempt to establish physical
relationships between the variables.

Penetration depth s can be seen as the “braking distance” of the bullet. We are
therefore looking at the movement of an object as it undergoes deceleration,
which can be described using the equations of motion (see 2.1.3.6). The deter-
mining factor is the characteristic deceleration resulting from the force acting on
the bullet. This is generally given by the following equations:

(4.2:1a) a = —c,, [m/s?]
(4.2:1b) a = —c v, [m/s*]
(4.2:1¢) a = —c,-v’. [m/s?]

In Eqn 4.2:1a, deceleration is independent of velocity. This equation is mainly
used for materials held together by cohesive forces, such as bone, concrete and
thin steel.

In Eqn 4.2:1b, deceleration is proportional to velocity. This equation is valid
for viscous fluids (the Navier-Stokes equations) and is only relevant at very low
velocities.

Eqn 4.2:1c is a square law. This equation applies when deceleration is deter-
mined primarily by the density of the medium, but not by its cohesive force. This
category of medium includes air, water and predominantly aqueous media, such
as gelatine, the liver, muscle, etc. In media such as muscle, the decelerating affect
of mass inertia is far more important than that of the strength of the fibres.
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If we substitute deceleration from Eqns 4.2:1a-c into the general equation of
motion for distance and integrate, we obtain the following equations for penetra-
tion depth as a function of velocity:

(4.2:2a) Lvi= —¢'s+C = s < v - v,
(4.2:2b) v = —¢,'s+C = s « v-yv,,
(4.2:2¢) Inv = -c,s+C = s o In—-.

v

ad

The integration constant C is chosen such that when s =0, v =v,q4, the entry ve-
locity (the velocity of the bullet just after it penetrates the outer layer, e.g. the
skin).

The properties of the bullet, the ballistic parameters and the characteristics of
the target medium are reflected in ¢y, ¢; and c,.

4.2.1.2 Penetration depth in gelatine, soap and muscle

If the composition corresponds to certain criteria, these three media can be
grouped together, as the equations for penetration depth as a function of velocity
all have the same form — only the constants differ.

Minimum energy density and velocity. One notable characteristic of skin, gela-
tine, soap and bone is that a bullet cannot penetrate these materials if it is moving
at less than a certain velocity, vq. This velocity depends on the sectional density
of the bullet. A bullet moving at less than vy rebounds from the surface of the tar-
get. In the case of skin it will leave a bruise, unless it is moving very slowly.

For most purposes, vy is sufficiently accurate. In his work on the minimum
velocity for projectiles from airguns, MISSLIWETZ (1987) distinguishes between a
number of different thresholds.

He defines a projectile as having ‘bounced off’ if it has struck the surface and rebounded,
regardless of whether it has left a visible wound. The author defines a projectile as “protruding” if
the front is embedded in the epidermis, with the projectile still visible. The corresponding velocity
is Vg A penetrating projectile is one that has passed through the epidermis and the dermis and has
come to rest in the subcutis or deeper in the muscle. The corresponding velocity is v,. Such
differences are of course only of relevance in the case of projectiles moving at very low velocities.

The impact energy is not the deciding factor as regards penetration. For instance,
a 3.2 mm steel sphere (m = 0.13 g) requires a velocity of approximately 50 m/s in
order to just penetrate the skin (E=0.16J). A 4.4 mm lead sphere (m=0.5 g)
travelling at approximately 48 m/s (E = 0.6 J, i.e. almost four times as high) does
not penetrate, however. JOURNEE (1907) experimented with 11.3 mm lead spheres
(m = 8.5 g), because shells filled with shrapnel, i.e. spheres of this calibre, were in
common use against soldiers in the open at the time. These spheres caused bruis-
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ing at velocities of 46 m/s (E = 10 J). At 70 m/s, these spheres penetrated muscle
(E~207).

As we can see from JOURNEE’s measurements, the impact energy is not a
suitable indicator of the ability of a bullet to penetrate the skin. What counts is the
energy density, E'. E' is the energy per unit contact area A. E' =E/A, and for
stable flight A = Y-mk>.

There is a certain energy density beyond which skin cannot prevent a bullet
from penetrating. This is the threshold energy density, E',,. If this energy density
is exceeded, the skin will tear and the projectile will penetrate. The energy
transferred to the skin as the bullet passes through it is significantly less than the
threshold energy required by the threshold energy density and the impact surface
A of the bullet (see 2.3.7.4). We can therefore write:

(4.2:3) E, = E,~E, < B, = E,-A. 7]

where E, is the impact energy, E4 the energy used in passing through the skin and
E.4 the residual energy of the bullet.

In the discussion below, “threshold” velocity or energy is the velocity or en-
ergy at which the bullet is just unable to penetrate the skin.

Naturally, the skin is not equally thick or equally firmly supported at all points
of the body. We can therefore expect the threshold energy density to vary. In a
comprehensive study on a “non-lethal” 12-bore projectile, BIR et al. (2005b) de-
termined the threshold energy density for various parts of the body. As one would
expect, there was some overlap between the energy density thresholds for pene-
tration and non-penetration, together with considerable scatter. In such cases, it is
wise to use the mean energy density, i.e. the value at which one can expect pene-
tration to occur in 50% of cases. Table 4-10 lists the results of the experiments
carried out by BIR et al.

The study also confirmed that at the threshold energy density (from SELLIER’S
work) of 0.1 J/mm” one could indeed assume, with a sufficiently high degree of

Table 4-10.  50% energy density thresholds for various parts of the body,
in J/mm? (after BIR, STEWART et al. 2005)

Area of body E'y (50%) Scatter
Sternum 0.329 0.018
Rib, front 0.240 0.017
between ribs, front 0.333 0.036
Liver 0.399 0.029
Abdomen (at level of navel) 0.343 0.028
Shoulder blade 0.506 0.053
Rib, rear 0.527 0.110
Buttock 0.381 0.077
Femur, proximal 0.261 0.097

Femur, distal 0.281 0.084
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certainty, that a projectile would not penetrate the skin on any part of the body ex-
cept the eyes.

It is not possible to measure energy directly. In practice, therefore, it is usual to
state the velocity of the bullet, and the criterion that a particular bullet must satisfy
in order to penetrate skin is often given as a threshold velocity. We can calculate
this velocity from the threshold energy density E'gr, using the following formula:

2000 - E},
(4.2:4) Vg = T , [m/s]

with threshold energy density E', in J/mm” and the sectional density of the bullet q in g/mm”.

Substituting the general threshold value for E'y of 0.1 J/mm* mentioned above,
we obtain:

(4.2:5) v, = 4

o \/H

This means that v, is not constant; it depends on the sectional density q of the
bullet. As q increases, vg decreases.

SPERRAZZA and KOKINAKIS (1968) use the following equation for v, as a
function of q (in g/mm®):

[m/s]

(4.2:6) v, = 1B [m/s]

“ q
This equation, of which the constants were determined empirically, can be seen as
a linear approximation of the function in 4.2:4 as regards 1/q. The results do not
significantly contradict the threshold of 0.1 J/mm” mentioned above, especially at
the sectional densities normally encountered in the case of handgun bullets.

Other than the work of BIR et al. mentioned above, the literature yields little
experimental work in this area. JOURNEE was the first to investigate threshold ve-
locities, as mentioned above. MATTOO (1974) obtained fairly similar results, 80
years later. DI MAIO et al. (1982) and SELLIER (1976) carried out further work.
MISSLIWETZ (1987) studied projectiles fired from airguns.

While airgun pellets are of less importance in the field of wound ballistics, it is still worth noting
the results of the measurements made by MISSLIWETZ, as they show that v, and v,4 (or vy and vy in
this author’s work) vary substantially between individuals and between different parts of the same
individual’s body. These results also illustrate the effect of tip shape.

As we have already seen in the results from BIR et al., (see Table 4-10), v is
greatly influenced by the thickness of the skin and the supporting layer beneath it.
This is also clear from the results obtained by the various authors. These are
shown in Tables 4-11 and 4-12 a and b.

TAUSCH et al. (1978) conducted experiments using 4 mm, 9 mm and 11.4 mm
(45 calibre) bullets with different tip shapes. Table 4-13 summarizes the results.
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Table 4-11.  Threshold energy density and velocity (measured values)

Type of projectile Mass  Surface q Ver E'y Author
area

[g]  [mm’] [gmm’]  [m/s]  [Jmm’]
11.25 mm lead 8.4 99.4 0.0855 70 0.210  JOURNEE (1907)
sphere
8.5 mm lead sphere 4.5 56.7 0.0793 71 0.200  MATTOO ET AL. (1969)
177 Diabolo 0.53 159 0.0333 101 0.170  DIMAIOET AL. (1982)
22 Diabolo 1.07 245 0.0434 75 0.122  DIMAIOET AL. (1982)
38 round nose 73 73.2 0.1147 58 0.193  DIMAIOET AL. (1982)
(Theoretical) * 0.02-0.16 0.10 SELLIER (1976)

* On the basis of measurements conducted by SPERRAZZA and KOKINAKIS (1968).

Table 4-12 a. Results of firing various projectiles from an airgun into the thigh of an adult
(after MISSLIWETZ 1987)

Type of projectile Calibre vg(min)  vy®  vg(max) v(min) vi*  v(max)
[mm)] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
Pointed bullet (KS) 4.5 50 99.0 118 72 109.0 135
Lead sphere 4.5 56 99.8 130 72 110.4 135
Diabolo (FK) 4.5 73 130.3 167 79 135.6 167
Hollow-point bullet 4.5 74 123.5 149 75 133.2 172
Brass sphere 4.0 66 109.9 132 83 120.6 145
Steel sphere 4.0 67 114.1 151 91 126.1 157
Glass sphere 4.0 119 180.1 238 145 197.8 229

? Mean values

Table 4-12 b. Threshold velocity and energy density, calculated from the results shown in

Table 4-12 a
Type of projectile Calibre Mass Surface q Vgr ab E'y®
area
[mm] [e] [mm’]  [gfmm’] [m/s]  [Vmm’]
Pointed bullet (KS) 4.5 0.56 159 0.035 99.0 0.173
Lead sphere 4.5 0.54 159 0.034 99.8 0.169
Diabolo (FK) 4.5 0.49 15.9 0.031 130.3 0.262
Hollow-point bullet 4.5 0.44 15.9 0.028 123.5 0.211
Brass sphere 4.0 0.31 12.6 0.025 109.9 0.149
Steel sphere 4.0 0.26 12.6 0.021 114.1 0.135
Glass sphere 4.0 0.08 12.6 0.0064 180.1 0.103

® The values for children were significantly lower (Ey: 0.085 to 0.12 J/mm®, see original

work for details).

® In accordance with the definition of threshold velocity, the values of vy from Table 4-12 a
were used to determine the threshold energy density.
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Table 4-13.  Determining vy: Results of measurements conducted by TAUSCH et al.

(1978)
Type of projectile k Mass q Ver E'y?
[mm] [e] [gmm’]  [ms]  [mm?]
Lead sphere 9.0 5.3 0.083 68.7 0.20
Round-nose 9.0 6.2 0.097 66.2 0.21
Round-nose 9.0 10.6 0.166 41.8 0.15
Flattened cone 9.0 7.9 0.123 54.5 0.18
Pointed cone 9.0 7.9 0.123 57.9 0.21
45 lead sphere 11.4 9.0 0.087 56.7 0.14
45 lead round-nose 11.4 11.7 0.143 37.0 0.10
Lead sphere 4.0 0.47 0.032 68.7 0.23
E'y’®
6.35 Browning 6.35 33 0.104 81.3 0.109
7.65 Browning 7.65 4.8 0.104 70.5 0.119
9 mm Browning, short 9.0 6.0 0.094 63.9 0.123
9 mm Luger 9.0 8.0 0.125 553 0.122
9 mm lead round-nose 9.0 10.6 0.166 47.0 0.117

? Values calculated by us (based on Eqn 4.2:4).
® Values calculated by the authors, using their equations.

TAUSCH et al. propose the following equations (adapted to match the values
measured) to describe the mathematical relationship between sectional density q
(or mass m) and threshold velocity vg:

(4.2:7a) v, = 277.7-¢ %9 [m/s]

gr

(4.2:7b) v, = 162.1.e7%%Vm [m/s]

ar

These equations may well describe the values obtained by these authors better
than, for instance, Eqn 4.2:5, but they do not reveal any physical/ballistic relation-
ship. It would be quite impossible to extrapolate to other conditions, and nothing
is added to the sum of knowledge regarding internal relationships and laws, which
is what one should be aiming to achieve.

Closer analysis of the penetration process reveals the following: At v, < v, the
projectile does not penetrate. Its energy is transferred to the surface of the target
and the target itself, in various forms (elastic, kinetic, heat, deformation, etc.). If
Vv, 18 somewhat greater than vy, the projectile destroys the surface of the target and
starts the process of penetrating the target, at a residual velocity v,q. In accordance
with Eqn 4.2:3, v, is generally greater than the difference between v, and vy
This is because the opening created in the surface prevents the energy of the bullet
being distributed over a larger area. As a result, the bullet cannot transfer the same
amount of energy to the surface of the target as it would if it did not penetrate.
The energy remaining allows the bullet to penetrate to a depth s,q.
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We can observe this behaviour for all thin layers of material with a certain degree of elasticity
(such as skin, metals, gelatine and cloth). Shots fired into textiles, for instance, yielded a v, of
about 80 m/s. Bullets with an impact velocity of 90 m/s passed through the cloth, and the residual
velocity v,q measured behind the cloth was 60 m/s (KNEUBUEHL 1992).

It is therefore impossible, for certain materials, to find a bullet that penetrates and comes to rest
at a depth between 0 and s,.

If the impact velocity v, is greater than vy, but less than the velocity required to
pass through the target medium, the bullet will come to rest in the target. If the
bullet does pass through, its velocity will drop progressively and predictably. A
wound channel will be created, and damage will occur. In the last part of the
channel, the bullet is moving so slowly that almost its entire surface is in contact
with the medium. At such velocities, frictional force is greater than inertial force,
and the Navier-Stokes equations apply (Eqns 4.2:1b and 4.2:2b). The distance
over which these equations are valid is generally so short that it is of virtually no
significance when compared with the channel as a whole, unless the impact ve-
locity is low (e.g. in the case of a projectile from an airgun).

In many cases, the bullet does not come to rest at the end of the channel. This was described by
NENNSTIEL (1990) and was confirmed by KNEUBUEHL and TROESCH (1992, unpublished) using
high-speed video. In such cases, the forces created by the vacuum in the temporary cavity are
greater than the frictional forces acting on the surface of the bullet.

This behaviour is confirmed by forensic experience. The penetrating power of
lead round-nose 22 and 38 Spl bullets is such that they can just pass through the
trunk, as long as the wound channel only passes through soft body parts. A bullet
that hits the skin at a velocity less than vy will not penetrate it, because of the
elasticity of the skin. The bullets are held back by the skin on the opposite side.
In many cases, one finds the bullet just under the skin, where it is easily detected
by palpation.

Equations of penetration depth in gelatine, soap and muscle. In order to de-
scribe the entire penetration process mathematically, it is necessary to introduce
two further characteristic velocities, together with the corresponding energies.

— The decrease in the velocity of the bullet as it passes through the surface of
the medium, vy = v, — Vaq.

— The velocity of the bullet immediately before it comes to rest in the me-
dium, vg.

The following two equations apply:

(4.2:8) Vg <Vy und v <v, . [m/s]

stk

For the deceleration of a bullet that penetrates a dense medium at typical velocity,
we use Eqn 4.2:1c (from 4.2.1.1), as the cohesive forces are negligible by com-
parison with inertia force. According to Eqn 3.2:4, we must set the value of the
coefficient ¢, equal to the retardation coefficient R. By integrating the corre-
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sponding equation of moment, we obtain an equation analogous to Eqn 4.2:2¢ for
penetration depth as a function of instantaneous velocity:

(4.2:9) s = —%-ln(v) + C. [m]

But we still have to determine the value of C. If the bullet has penetrated the sur-
face but has not yet moved further into the medium (i.e. if s = 0) then its velocity
is still:

Va = V,— Vg .

a S

C is hence given by:

1
C = g-ln(va - Vg - [m]
and therefore:
s = L. [V“_Vdsj falls v>v,
(4.2:10) R v . [m]
s =0 falls v<v,

A sphere that strikes the target at a velocity v, > v, therefore covers a distance:

1 V, — Vg
4.2:11 s = —-In| 22—, m
( ) g ( v J [m]

before coming to rest in the target. For some calculations, it is useful to express
velocity as a function of penetration depth. Solving Eqn 4.2:11 for v, we obtain:

(4.2:12) Vv, = Vg e+ v, .

If v4 < v, then s, = 0 (Eqn 4.2:10) and from Eqn 4.2:12:
(4.2:13) Vo, 2 Vgt Vg [m/s]

gr

This equation for the characteristic velocities would also appear to be plausible
from a physics point of view. If we substitute pairs of measured values for s, and
v, in Eqn 4.2:12, we can calculate v4s and vy by regression.

KNEUBUEHL measured the impact velocity and penetration depth for 4.5 mm lead spheres in gela-
tine (Cp = 2, NENNSTIEL 1990). Analysing the results of measurements using the method described
produced values of 28.7 m/s for vy and 14.0 m/s for vy, with a high degree of correlation
(r=0.941). Spheres with impact velocities of less than 44 m/s did not penetrate the gelatine.

If the sphere exits the block, we can calculate its residual velocity with the fol-
lowing equation (derived from Eqn 4.2:12):

(4.2:14) Vi, = (v, = vg)-e " [m/s]

st
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Table 4-14.  Values for Cp from the literature

Material Cp Author(s) publicated
Water 0.30 HARVEY et al. 1962
Water 0.29 HOERNER 1965
Gelatine 10° 0.375 DUBIN 1974
Gelatine 24° 0.34 HARVEY et al. 1962
Gelatine M < 1 <04 CHARTERS and CHARTERS 1976
Gelatine M > 1 1.0 CHARTERS and CHARTERS 1976
Soap 0.33 SCEPANOVIC 1979
Muscle (cat) 0.44 HARVEY et al. 1962
Muscle (pig) 036a JANZON et al. 1979

* Tolerance: +0.003 /-0.008

The corresponding energy values can readily be calculated from the velocities, as
long as the bullet loses no mass as it passes through the block.

The derived equations are only valid if the retardation coefficient remains con-
stant. This implies that the sectional density remains constant (i.e. the cross-sec-
tion of the face does not change) and that the drag coefficient Cp does not change.
The drag coefficient for soap, gelatine and animal tissue has been measured many
times. Table 4-14 gives a number of values from the literature.

All authors (with the exception of CHARTERS and CHARTERS 1976) assume a
constant value for Cp across the range of velocities at which measurements are
made. JANZON (in RYBECK and JANZON 1976) notes that the value of Cp for mus-
cle differs little at 1500 m/s from the value of this coefficient at 1000 m/s (0.36).
The author felt that this was surprising, as one knows from experience that the
speed of sound ¢ (approx. 1500 m/s in gelatine) leads to a sharp increase in Cp.

JANZON’s explanation is that a sphere striking the target at a velocity greater than the speed of
sound in the medium concerned decelerates to below the speed of sound over a distance equal to
just a few times its own diameter. The value of Cp, is calculated by taking the mean over a rela-
tively long distance (which depends on the sampling rate used for the measurements of position or
velocity), and high values of Cp over a short distance have little influence on the mean.

NENNSTIEL (1990) measured the value of Cp for 7 mm steel and tungsten spheres
at velocities of 150 to 1500 m/s. At velocities below 150 m/s, the author noted
that as velocity decreased, the value of Cp rose sharply. The increase as the ve-
locity approached ¢ was not observed, for the reason mentioned above.

The high values of Cp at low velocities can be explained by the fact that the
entire surface of the bullet comes into contact with the medium at these velocities,
with the high drag coefficients that are to be expected in a highly viscous medium.

PETERS (1990b) introduced an extension to the conventional approach
(Eqn 4.2:1c¢) to calculating the motion of a bullet. His deceleration model includes
a second component, related to velocity in a linear fashion (see Eqn 3.2:6 in
3.2.2.5).
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Another factor must be borne in mind: while the muscles of humans and ani-
mals display similar levels of resistance, the skin of animals such as pigs and
horses is considerably more resistant than that of humans. A bullet penetrating the
skin of an animal uses up more energy than one which penetrates human skin. As
a result, a bullet undergoes a greater loss of velocity (vgs) on passing through the
skin of an animal. According to Eqn 4.2:8, the threshold velocity will therefore
increase. The above points apply mainly to handgun bullets moving at velocities
close to v,,. This difference can safely be ignored in the case of rifle bullets, as is
obvious when one considers the energy levels involved.

4.2.1.3 Penetration capacity in bone

Threshold velocity and energy. For bone, as for skin, there is a threshold veloc-
ity vg below which a bullet will not penetrate it. For bone, v, is approximately 60
m/s. This is value given by JOURNEE and, more recently, by HUELKE et al.
(1968a,b) and HARGER and HUELKE (1970). The literature establishes no relation-
ship between o and the sectional density of the bullet q.

It is possible to calculate the threshold energy E, and threshold energy density
E'qr = Eg/A at which the bullet will just fail to penetrate bone. The values for cer-
tain types of ammunition are as follows:

6.35 Browning Eg= 6.0J E'ye= 0.19 J/mm? ,
7.65 Browning 8.717 0.19 J/mm?
9 mm Luger 14.07J 0.22 J/mm” .

On penetrating a bone, a bullet of larger calibre loses more energy.

Penetration depth and penetration capacity, theory and practice. Two rela-
tionships are of particular interest as regards the effect of a bullet on a bone:

1 Penetration depth as a function of velocity.

2 The energy lost by the bullet as it passes through a given bone thickness d.
Regarding 1: GRUNDFEST (1945) conducted numerous tests that involved firing
steel spheres with diameters of 3.18, 4.74 and 6.35 mm (1/8, 3/16 and 1/4”) into the

bones of cows. In metric units, the equation relating penetration depth s to veloc-
ity derived from his experiments is:

(4.2:15) s = 0.863-107"-k* (v, —Vgr)2 , [mm]

where k is the diameter of the sphere in mm, v, is the impact velocity in m/s and v, ~ 60 m/s.

As it stands, this equation is valid only for steel spheres and cannot be applied to
practical situations, as bullets generally consist of lead (apart from the jacket).
They also have a greater volume and mass than spheres of the same calibre, espe-
cially if those spheres are made of steel, not lead.
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For instance, a steel sphere 9 mm in diameter weighs approximately 3 g, whereas a 9 mm Luger
bullet weighs 8 g. This means that if one were to substitute k =9 mm into the equation, the value
of s obtained would be valid only for a steel sphere of that radius, not for a Luger bullet. One has
to multiply the value of s obtained by the quotient of the mass of the Luger bullet and that of the
steel sphere of the same calibre, i.e. 8/., to obtain the correct value for a Luger bullet.

The equation therefore requires modification to render it suitable for general use.
k? is simply the expression m/k multiplied by a constant factor. Substituting the
variables m and k and using the density of steel, we can derive the following rela-
tionship from Eqn 4.2:15:

(4.2:16) s = 0.21-10‘2%-(va—60)2. [mm]

As the structure of human bones differs from that of cow bones (e.g. as regards
the distribution of cortical bone and diplo€) it is clear that this equation requires
further correction before it can be applied to human bones. Indeed, tests (SELLIER
and KNUPLING 1969) have shown that the a value of 0.21 for the constant is too
low for human bone (i.e. cow bones are harder). The correct value for a bullet
with an approximately spherical head is around 0.4.

The penetration depth of lead round-nose bullets is less than that calculated
using Eqn 4.2:16, as their calibre increases on impact and as they pass through the
bone. The calculated penetration depth is also smaller in the case of wadcutter
bullets, because of their flat tips. Overall, the calculated penetration depth should
only be seen as an estimate, as the precise value will depend on the composition
of the bone and, in particular, on the ratio of solid to soft matter (see below for
further factors).

Regarding 2: HUELKE et al. (HUELKE and DARLING 1964, HUELKE et al. 1967,
HUELKE et al. 1968a,b, HARGER and HUELKE 1970) have conducted comprehen-
sive empirical studies on the energy lost by a bullet AE as it passes through human
bone, as a function of impact velocity v, or impact energy E,. They used steel
spheres with diameters of 6.35 mm (0.25"; m=1.04 g) and 10.3 mm (0.406";
m=4.48 g). They presented the results of their experiments in empirical form.
Impact velocity and energy transferred to the bone could in all cases be approxi-
mated using quadratic equations, with only a small degree of error.

For 6.35 mm steel spheres fired into the distal end of the femur, for instance,
the equation was as follows (using values from HUELKE et al. 1967):

4.2:17) AE = 0.65 + 0.0077-v, + 0.0000127-v’ , [ft-1bs]

(velocity in ft/s).

Although HUELKE did not interpret this quadratic relationship between impact
velocity and energy loss, even in his later works, one immediately thinks of a lin-
ear relationship between impact energy and energy transfer, and such a relation-
ship does indeed appear logical from a physics point of view.
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From the results set out in this literature (particularly HUELKE et al. 1968a),
one can derive the following equations (in metric units):
For 6.35 mm steel spheres:

(4.2:18) AE = 66 + 0416 E, , (r=0.993), 7

and for 10.3 mm steel spheres:

(4.2:19) AE = 149 + 0.262-E, , (r=10.98%). J]

However, these equations require some refinement. If one looks more closely at
the measurement results (Fig. 4-7), it becomes apparent that they are better de-
scribed by two straight lines: The first line has its origin at the intersection of the
axes and has a gradient of 1. This is followed at higher values of E, by a second
line, of which the gradient is significantly less than 1.

The meaning of the straight line with a gradient of 1 originating at the intersec-
tion of the axes is clear. In this area, AE = E,, i.e. all the energy is used up in the
bone. At velocities below v, this is because the bullet rebounds. At velocities
above v, because the bullet comes to rest in the bone. The line joining just the
measurement points for the higher values of E, is less steep than the line that joins
all of them. As a side effect, the projection of the line onto the y axis increases, as
one can easily see on the graph.

If the measurement values are divided up as per this diagram, we obtain the
following equations for the less steep part, in place of Eqns 4.2:18 and 4.2:19:

(4.2:18a) AE = 857 + 0402-E,,  (r=0993), 7]
(4.2:19a) AE

179 + 0252-E,,  (r=0.990). ]

The constant part can now be interpreted as follows: The bullet has to separate the
piece of bone directly in front of it from the rest. To achieve this, work must be
done. The amount of work required is determined by the shear strength of the bone
(50 N/mm’, according to VON GIERKE 1968), the generated surface of the detached
bone fragment and the distance over which the bullet displaces the fragment.

150
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E, [J] HUELKE et al.).
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Once the fragment has been punched out of the bone, the bullet will accelerate
it in accordance with the law of collisions. The velocity imparted to the fragment
is proportional to the impact velocity of the bullet (with the corresponding mass
ratio as proportionality factor). From this it follows that the energy transferred
from the bullet to the bone fragment is proportional to the impact energy (or, more
precisely, to the energy the bullet still has after it has separated the fragment from
the bone). This explains the linearity of Eqns 4.2:18a and 4.2:19a.

In these equations, energy loss AE depends only upon Ea, in other words on the
combination of m and v. It does not depend on m and v as such. The material of
which the sphere is made (steel, brass, lead, tungsten alloy, etc.), should therefore
make no difference, as long as it the diameter remains constant, as the only factor
determining the damage done by the sphere, and hence the energy consumed, is
the size of the sphere, or its cross-sectional area.

This does not apply to the damage done to the bone by the temporary cavity or the hydrodynamic
pressure in the bone marrow. For both of these types of damage, the bullet’s v, plays an important
role.

Indeed, measurements carried out by HUELKE et al. showed that spheres of the
same calibre but different masses (e.g. steel or tungsten alloy) lost the same
amount of energy AE if the impact energy E, remained constant.

For the impact energy and calibre to be the same despite the mass being different, the heavier
spheres must have a lower impact velocity v,. The sectional density q must also be greater.

The influence of calcium content and treatment of the bone on the energy lost
by the bullet. Clear, statistically valid differences in energy loss are observed
when the bones used in experiments are ranked according to their calcium con-
tent. HUELKE et al. (1968b) divided them into three categories: normal, mildly os-
teoporotic and osteoporotic. They observed clear differences in energy lost be-
tween the three categories, as was to be expected (see Fig. 4-8 a, b).The differ-
ences are significant, with the projectiles losing up to 40% less energy in osteo-
porotic bones than in normal bones.

In order to be able to extrapolate the results of tests on cadavers to living per-
sons, it is important to know whether the storage or treatment of the bone has an
effect on its reaction to a projectile. The above authors conducted further experi-
ments to investigate this point. They fired into both fresh, untreated bones and
embalmed bones, and observed no difference in energy loss.

The temporary cavity and bone damage. A hollow bone can be seen as a fluid-
filled hollow organ with a rigid wall. One can therefore assume that phenomena
occur similar to those observed when a bullet passes through the head, heart or
full bladder, as long as the bullet is moving at sufficient velocity and certain other
conditions are met.

Damage to bone away from the actual track of the bullet is caused by the pres-
sure generated in the marrow by the temporary cavity, and this pressure acts in all
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Fig. 4-8. a. Effect of bone condition on the relationship between impact velocity and energy loss
(after HUELKE et al. 1968a).

b. Effect of various bone structures on the relationship between impact velocity and energy loss
(after HUELKE et al. 1968b).

directions. As a result, bone splinters will be found in the wound channel not only
in the direction in which the bullet was moving but also in the opposite direction.
One can expect bone damage to extend beyond the actual track of the bullet. The
diameter of the cross-sectional area within which bone damage occurs will corre-
spond approximately to that within which soft tissue is damaged (see Fig. 4-9 and
also Fig. 3-19 ¢).

Experiments by HUELKE et al. (1968a,b) have shown that the extent of the cav-
ity created in bone depends not only on v, but also on the calibre of the bullet. The
findings were as follows:

With 10.3 mm spheres, temporary cavities were observed at values of E, of ap-
proximately 73 J and above (v, approx. 180 m/s). In the case of 6.35 mm spheres,
cavities were already observed at energies of 30 J (240 m/s). The 10.3 mm sphere
loses 36 J, the 6.35 mm sphere 21 J. The cavities caused by the 10.3 mm spheres
were so large at energies E, of approx. 200 J and above (v, = 300 m/s) that the
femoral condyle was almost separated from the diaphysis. In the case of the

Fig. 4-9.  Effect of firing
a projectile at a plastic
bone embedded in gelatine.
The extent of bone damage
corresponds approximately
to the diameter of the
cavity in soap.
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6.35 mm spheres, this occurred at an E, of 130J (v,= 500 m/s). The energy
required was similar for the two calibres (60 J to 70 J).

At velocities below those cited above, a piece of bone the size of the calibre is
punched out, causing a “drill hole fracture.” Closer observation reveals that even
in the case of non-deforming projectiles such as steel spheres the diameter of the
hole is almost always slightly less than that of the projectile (BERG 1955). This is
because, as mentioned in Chapter 3, the projectile displaces the surrounding tissue
radially, and this includes the bone. The bone is temporararily pushed apart to
create a gap of which the diameter corresponds to the calibre of the projectile as it
passes through, with the two parts moving back towards each other afterwards.
This means that a non-deforming projectile that has created a hole in a bone
cannot be passed through that hole afterwards. Naturally, this is even more the
case for projectiles that deform as they pass through a bone, as deformation
continues until the projectile has exited the bone.

4.2.1.4 Threshold velocities for eyes

The eyes account for only 2 %o of the frontal surface of the body, so the probabil-
ity of their being hit is small. In view of their vulnerability, however, eye injuries
are highly significant, as they often lead to blindness. The risk is particularly high
during hunting, if shot is used. Similar injuries can occur in the workplace, e.g.
when working with metal. It is therefore not surprising that numerous studies have
addressed the problem of eye injuries, especially the question of the threshold
velocity for penetration, ve. We shall now present values for vg from various
studies in tabular form.

Table 4-15 presents values of v, for spheres. The original study (STEWART
1961) gives diameter d, mass m and v,,. We have calculated the values of cross-
sectional area A, sectional density q and E'g. STEWART’S measurements give a
mean value for vy of 0.06 +0.015 J/mm?. This is significantly lower than the
value for skin, which is what one would expect.

Table 4-15.  Threshold velocities for eyes (rabbit). With one exception, a steel sphere was used

d A m q Ver E'y Author(s)

[mm] [mm?] lg] [gmm’] [m/s]  [J/mm?]

1.00 0.79 0.004  0.0052 146 0.056  STEWART (1961)

2.36 44 0.054  0.0123 108 0.072 STEWART (1961)

3.20 8.0 0.135  0.0168 100 0.084 STEWART (1961)

4.37 15.0 0.341 0.0227 77 0.068  WILLIAMS and STEWART
(1964)

4.37 15.0! 0.513 0.0342 65 0.072  WILLIAMS and STEWART
(1964)

6.40 32.2 1.037  0.0321 47 0.035 STEWART (1961)

' Lead sphere
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Table 4-16.  Threshold velocities for eyes (rabbit). Steel spheres (STEWART 1961)

a A An M q Ver E'y
[mm] [mm?] [mm?] [g] [g/mm?] [m/s] [J/mm?]
2.60 6.8 10.2 0.136 0.0135 63 0.027
3.27 10.7 16.1 0.272 0.0169 38 0.012
5.11 26.1 39.2 1.037 0.0265 36 0.017
8.11 65.8 98.7 4.147 0.0420 29 0.018'
12.3 147.6 221.4 14.58 0.0639 22 0.015'

' We have swapped these two values, as there was clearly a mistake in the original
(inconsistency between the two values).

Table 4-16 presents values of v, for steel cubes. The author states the mass of
the cubes and the measured values of v, We started by calculating the length of
the edges of the cubes from the mass. Unlike the sphere, the face surface of a cube
is not constant — it depends on the orientation of the cube at the moment of im-
pact. One therefore takes the mean projected area A, For a convex body this
equals one quarter of the surface, so for a cube Ay, = %4-a°.

It is easy to see why E',, for a cube (0.018 £ 0.006 J/mm?) is lower than that for
a sphere. The probability of the cube striking the target with an edge or corner is
fairly high. This results in a high local force (stress concentration) and hence a
low value of E';.

4.2.2 Characteristics of handgun bullets
4.2.2.1 General

A handgun bullet for self-defence purposes has to fulfil a number of requirements.
On the one hand, it should have sufficient effect on the human body to cause the
other person to abandon their intended course of action (attack or flight) without
causing unnecessary and life-threatening injury. The residual energy of the bullet,
should it exit the body, must be sufficiently low as not to endanger any bystand-
ers. On the other hand, the bullet is required to pass through hard materials (such
as steel and glass) and still have enough energy to achieve an adequate effect in
the body of the other person.

According to Eqns 4.1:16 and 4.1:17, effectiveness in a person (transfer of en-
ergy) is inversely proportional to the sectional density q of the bullet (i.e. a high
level of effectiveness requires a low value of q), whereas according to Eqn 2.3:9,
the ability to penetrate hard materials is directly proportional to q (i.e. q needs to
be large). This is the third ballistic paradox (KNEUBUEHL 2004, p. 27 et seq.).
Penetrating hard targets and achieving a high degree of effectiveness in a human
target both demand high impact energy, which is at odds with the principle of
proportionality. From the above it is clear that the requirements levelled at a
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handgun bullet are mutually exclusive in physical terms, which means that no de-
sign can meet all of them.

The contradictions between the various physical characteristics also account for the huge number
of handgun bullet types and calibres. There are well over 60 types of bullet for Luger 9 mm am-
munition, for example, and new types are arriving on the market all the time.

4.2.2.2 Bullets with good penetration properties

The higher the sectional density of a bullet, the better its penetration power, as we
have seen above. This means that the bullet should be heavy, while its cross-
sectional area should be small. This implies that bullets which deform easily,
causing their cross-sectional area to increase, are not suitable for such purposes.

Typical bullets with the above characteristics include the classic full metal-
jacketed round-nose bullets, lead-cored bullets with reinforced jackets (e.g. the
Swedish Skarp bullet, see Fig. 4-10), bullets with a hard (steel or tungsten alloy)
core or solid steel bullets (such as the Alpha, with its cage, see Fig. 4-11).

Bullets in this category produce long channels, and the diameters of the
temporary cavities and of the permanent wound channels are small. If no vital
areas are hit, such as major blood vessels, brain or spinal cord, the probability of
survival is high and the risk of permanent damage low.

Tracer ammunition constitutes a special sub-category among full metal-jacketed bullets. The tail of
a tracer bullet contains an illuminating charge. This burns with no external source of oxygen. If the
bullet does not exit the body, burns may occur inside the wound channel.

4.2.2.3 Bullets designed for maximum effectiveness

General. We can derive the following simple formula for the effectiveness of a
bullet (its wounding potential) from the equations for effectiveness (Eqns 4.1:16
and 4.1:17):

Fig. 4-10. 9 mm Luger Skarp reinforced jacket ~ Fig. 4-11. 9 mm Luger Alpha bullet. Solid
bullet (right) compared with a normal full metal-  steel bullet with plastic cage.
jacketed bullet (left).
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Fig. 4-12. French solid bullets, 9 mm
Luger and 38 Spl: Left to right: Arcane,
4.6 g, THV, Version 1, 2.6 g. THV,
Version 2, 3 g. Both with hollow tails.
(THV = Tres Haute Vitesse = very high
speed).

E@s)
qes)

Effectiveness at a given point along the bullet track is hence directly proportional
to the energy remaining at that point E(s) and inversely proportional to the sec-
tional density at that same point.

With the exception of unusually large calibre rounds (such as the 44 Rem. Mag.,
454 Casull or 50 A.E.), the energy delivered by a handgun cartridge is very lim-
ited. From Eqn 4.2:20, it therefore follows that bullets designed for maximum ef-
fectiveness must have a small sectional density. Since the sectional density is
equal to the mass of the bullet per unit area of cross-sectional area perpendicular
to the direction of movement, an effective bullet has either to be light or else to
have a large cross-sectional area. These are therefore the two parameters of inter-
est to designers of high-effectiveness handgun bullets.

(4.2:20) E',(s) o [J/em]

Low-mass bullets. Because most handguns are fairly high-calibre weapons, and
because the barrel needs to have a certain length in order to guide the bullet, the
only two ways of producing a light bullet are to use a light metal or to incorporate
a hollow space in the tail. If the mass of the bullet is kept low, then the muzzle
velocity will have to be high, in order to ensure that the empty case is ejected and
the working parts re-cocked. It often happens, however, that the required muzzle
momentum is not achieved, which can lead to the weapon jamming. Furthermore,
a very fast-burning propellant will be needed, and the peak pressure such a pro-
pellant generates can easily exceed the maximum permissible pressure. For physi-
cal reasons, therefore, low-mass bullets have never been widely used.

This type of bullet is generally made of aluminium or copper alloys. They in-
clude the French Arcane and THV bullets produced by SFM (in two versions).
See Fig. 4-12. The THV bullet achieves a velocity of approx. 600 m/s when fired
from a pistol with a 10 cm barrel. Its channel in soap is similar to that caused by a
steel fragment with the same energy (see Fig. 4-13).

Fig. 4-13. Channel in soap, THV,
Version 2. Sectional density remains
approximately constant, so energy
transfer decreases exponentially.
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The limited penetration depth by comparison with a full metal-jacketed bullet is a positive feature
in a bullet for police use. If the bullet exits the body at all, it will have very little energy and hence
present virtually no danger to a person standing behind the target. However, such bullets have le-
thal effects, as the diameter of the temporary cavity is already very large at the entry wound and
just beyond. This causes serious damage and heavy bleeding in organs that are vulnerable to tear-
ing, such as the liver, which lies just under the abdominal wall, whereas elastic tissue such as mus-
cle and lungs are less affected.

Cartridges with low-mass bullets included the plastic training (PT) cartridges pro-
duced by the former Dynamit Nobel AG (now RUAG). The plastic bullet used in
this cartridges weighs only 0.42 g. The muzzle velocity is approx. 1000 m/s and
the muzzle energy approx. 200 J. At close range, these bullets cause large but
shallow entry wounds (2 to 4 cm, see Fig. 3-27, top). At approx. 30 m, the bullet
has just enough energy to penetrate the eye.

Bullets of which the surface area increases. The surface area of a bullet can in-
crease either immediately after it leaves the barrel or on impact with the target.
These are the only two points at which the high forces are present that are needed
in order to deform a bullet that is designed to deform.

The bullet can be deformed by the high gas pressure at the muzzle or by the high penetration re-
sistance offered by the density of the target.

The large cross-sectional area is only needed once the bullet strikes the target. If
the increase in cross-sectional area occurs at the muzzle, this has a negative effect,
in that the increased drag will cause the bullet to lose more energy along its tra-
jectory, energy that is no longer available when the bullet strikes the target. As a
result, most bullets intended to achieve high effectiveness (deformation and frag-
mentation bullets) are so designed as to increase their cross-sectional area on im-
pact with the target.

Deforming bullets lose virtually no mass as their cross-section increases. De-
formation can start only once the bullet is in contact with the target. The deforma-
tion process then takes a certain amount of time, depending on the material used
and the design of the bullet. As a result, the diameter of both the temporary and

Fig. 4-14. Channels in soap. Top:
lead-core deforming bullet
(Remington Golden Saber). Bottom:
solid bullet (MEN QD P.E.P.). The
QD P.E.P. deforms noticeably sooner.
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the permanent cavity increases to a maximum after 2 to 6 cm. Thereafter, the sec-
tional density of the bullet remains constant, causing the diameter of the cavities
to decrease steadily, and approximately exponentially. See Fig. 4-14. The large
area of the leading surface of the bullet results in shoulder stabilization, as de-
scribed in 2.3.5.4. The bullet therefore does not yaw and leaves a virtually straight
track.

There are two basic types of deforming bullet. The first type consists of semi-
jacketed and semi-jacketed hollow-point bullets, in which a lead core is partly
covered by a harder metal (steel, aluminium or copper alloy). The tip of the lead
core is exposed, and in the case of hollow-point bullets an axial cavity is drilled
into it. This type of bullet is mainly manufactured and used in the USA. Typical
examples include Remington's Golden Saber, (see Fig. 4-14), Federal’s Hydra
Shok and Gold Dot and Winchester’s Subsonic, Silvertip and Ranger.

The other category consists of the solid deforming bullets. These are made of a
single material (generally a copper alloy) and also have cavity at the tip, generally
closed off by a piece of plastic or metal. This type is produced and used almost
exclusively in Europe. Most of these belong to the first generation range of police
bullets such as Dynamit Nobel AG/RUAG Action 1, MEN Quick Defense or to
the second generation, such as RUAG Action 4 and Action 5, MEN QD P.E.P.
(see Fig. 4-14) and Hirtenberger EMB.

Fragmentation bullets. If a bullet breaks up into two or more parts, the masses of
the individual parts will be smaller than that of the original bullet, and the larger
the number of fragments, the smaller the mass of each. At the same time, the dis-
tribution of the fragments means that the effective cross-sectional area (in the di-
rection of travel) will be larger. Together, these two factors lead to a huge reduc-
tion in the sectional density and hence (in accordance with Eqn 4.2:20) a corre-
spondingly greater wounding potential.
Fragmentation is achieved in one of the following ways:

* Structure as for a deforming bullet, but so designed as to disintegrates on im-
pact as a result of the forces applies. A sufficiently high level of energy is re-
quired to ensure fragmentation, so these bullets are generally found in larger
calibres such as the 357 Mag. and 44 Rem. Mag. (see Fig. 4-15).

* Explosive charge built into the body of the bullet. The charge detonates on im-
pact, causing the projectile to fragment. There are very few handgun bullets of

> Fig. 4-15. Channel of a 44 Rem. Mag.
fragmentation bullet in soap. Note the
large fragment.
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Fig. 4-16. Fragmentation bullets. Left: Fig. 4-17. Channel of a 9 mm Luger
Velex explosive bullet (with fragments from Glaser Safety Slug. Penetration depth:
simulant). Right: Triplex bullet. Both 9 mm 11.8 cm (KNEUBUEHL).

Luger.

this type. One of the few examples is the Velex bullet that was produced for a
number of common calibres. The charge consisted of a primer cap in the tip of
the bullet that incorporated a small quantity of explosive (see Fig. 4-16, left).

* Bullets with secondary projectiles. These bullets include a number of smaller
projectiles, which are released either immediately after the bullet leaves the
barrel or on impact with the target.

Colt has developed the Salvo Squeeze Bore system. The end of the barrel is
tapered conically on the inside. The projectile consists of three pointed conical
bullets, each with a hollow in the base, which fit over one another and are held
together by a thin plastic jacket (Triplex bullet, Fig. 4-16, right). These are
compressed and separated in the conical barrel, such that three projectile reach
the target.

Cartridges containing shot are available for a number of common calibres,
such as 38 Spl The diameter of the shot in such cartridges does not exceed
approx. 3 mm. The shot is contained in a plastic capsule which bursts in the
barrel, releasing the shot. The individual pellets carry only a small amount of
energy. Nevertheless, their energy density is fairly high — they are capable of
penetrating unprotected skin out to a significant distance. Penetration depth and
wounding potential are both limited, however.

With the 2 mm pellet diameter typical for a 38 Spl cartridge and a v, of 280 m/s, a pellet car-
ries approx. 1.8 J of energy. Such a pellet can penetrate unprotected skin at ranges of up to
approx. 50 m, but without causing major damage. The same pellet is capable of penetrating the
eye at ranges of up to 70 m.

Bullets that release their secondary projectiles after impact include the Glaser
Safety Slug, which is available in 9 mm Luger, 38 Spland 357 Mag. This
bullet consists of a copper capsule containing approx. 350 pellets with a di-
ameter of 1.5 mm. After penetrating the body, the capsule bursts and the pellets
are scattered around the geometric wound channel (see Fig. 4-17). Because of
the low sectional density, the wound channel is wide but comparatively shal-
low.
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Bullets that discharge a small number of secondary projectiles on impact in-
clude the MagSafe Razor Ammo (also known as Rhino Ammo), Swat and De-
fender (containing a small number of large pellets) and High Safety Ammo
(HSA). The HSA contains six pointed steel darts. The tip of the bullet is closed
off by a rubber sphere. On impact, this sphere is forced between the darts,
pushing them outwards.

Triton (USA) produce a fragmentation bullet known as the Quik-Shok. This
is a conventional semi-jacketed hollow-tip bullet, but with the lead core pre-
fragmented into three or six parts. As the bullet penetrates and mushrooms, it
fragments into the jacket and the three or six lead fragments.

It has never been proven that a handgun bullet that transfers a large amount of en-
ergy early on is more likely to stop an attacker. It is quite common for the victim
to feel no pain whatsoever for several minutes after being hit. Throughout that
time, he or she remains fully operational. This being the case, there are no good
reasons for using fragmentation bullets. They make treatment of the victim more
difficult, and are therefore questionable from a humanitarian point of view.

4.2.2.4 Unconventional bullet designs

Deforming full metal-jacketed bullets. There have been a number of attempts to
design full metal-jacketed bullet that deform on penetrating soft tissue.

The aim is clearly to achieve a high degree of effectiveness, while conforming to international law.
However, the conventions prohibit bullets that “... expand or flatten easily in the human body ...”
and only give semi-jacketed bullets as an example of the type of bullet that is prohibited. As a re-
sult, there is no good reason for developing such bullets.

The British CBXX prototype bullet has a core made of a gelatinous material. On
penetrating a simulant, the tip of the bullet mushrooms slightly and its cross-sec-
tion increases to a moderate extent, but without the jacket opening.

More recently, Federal has developed the Expanding Full Metal Jacketed
(EFMJ) bullet. This bullet is available in 9 mm Luger, 40 S & W and 45 Auto.
The tip has a plastic core. In a soft simulant, the tip flattens, causing the jacket to
split in a predetermined pattern. The cylindrical part of the bullet has a normal
lead core, providing the bullet with typical mass for its size (see Fig. 4-18).

Fig. 4-18. Federal Expanding Full Metal Jacket,
9 mm Luger. Deformation in a simulant.
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Fig. 4-19. Fiocchi non-deforming semi- Fig. 4-20. Winchester semi-jacketed bullet,
jacketed bullet, 38 Spl Lefi: Before firing. 454 Casull. Left: Before firing. Right: after fir-
Right: after firing into a simulant. ing into a simulant. The bullet has only under-

gone slight mushrooming at the tip. Its diameter
has not increased.

Non-deforming semi-jacketed bullets. It is generally assumed that semi-jacketed
bullets mushroom on impact with soft tissue or equivalent simulants, causing their
cross-section to increase. There are, however, good reasons for designing bullets
of these types that are not intended to deform, or for which deformation would in
fact be undesirable.

If the most important factor is accuracy, then it is the tail of the bullet that must be manufactured
to close tolerances, more than the tip. The jacket is manufactured by drawing, and in such a case it
is useful if the tail rather than the tip can be drawn. However, this requires that the lead core be
introduced via the tip, which results in a bullet with an open tip. The Sierra Matchking rifle bullet
is a typical example.

Certain types of sport shooting (such as dynamic and silhouette shooting) involve firing at tar-
gets made of hard materials. For reasons of safety, it is important to minimize the risk of ricochets.
Solid lead and semi-jacketed bullets deform or fragment much more on hitting hard targets than do
full metal-jacketed bullets, and hence are significantly less likely to ricochet.

Appropriate choice of copper alloy for the jacket and lead alloy for the core make
it possible to manufacture semi-jacketed handgun bullets which, even at high im-
pact energies, either do not mushroom at all or else do so to such a limited extent
that the cross-sectional area does not increase (see Figs 4-19 and 4-20).

4.2.3 Gas and fluid jets as projectiles

4.2.3.1 General

A jet consists of a mass flow moving at a certain velocity. If it strikes a medium,
then a certain mass will rebound at this velocity within a certain time limit. The jet
therefore possesses kinetic energy and a certain energy density, which is related to
the diameter of the jet (see 2.1.5). This would seem to indicate a degree of simi-
larity with a projectile.

One major difference between a projectile and a jet is the length of time for
which they have an effect. While the impact or penetration process of a bullet lasts
only for a fraction of a millisecond, a jet can continue to act for several millisec-
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onds or even hundredths of a second. This leads one to suspect that the penetra-
tion capacity of a jet — and possibly that of a projectile — is determined not by its
energy density, but by its energy-flux density, i.e. the energy density acting per
unit time.

This has no implications for the way in which we have been considering the penetration capacity
of a bullet so far. As the time over which a bullet acts is always of the same order of magnitude,
we can safely ignore the time aspect.

However, this might explain certain phenomena that occur when a bullet is fired into body ar-
mour or other protective materials. Elastic or plastic layers allow for a longer stopping distance.
This extends the exposure time, reducing the energy-flux density. That would be an explanation
for the reduced penetration observed when the victim is wearing soft layers under body armour.

In order to cause open skin wounds, jets have to produce energy-flux densities
which, in a very short exposure time (a matter of milliseconds) create energy den-
sities in excess of the threshold energy density for the penetration of skin
(0.1 J/mm?).

4.2.3.2 Liquid jets

Injuries due to liquid jets can occur if a hydraulic hose is punctured, or in connec-
tion with a high-pressure cleaner, for instance. As the medium is approximately
1000 times as dense as a gas, even relatively low velocities can cause sufficiently
high energy-flux densities.

For instance, liquid will escape from a pipe under a pressure of 10 bar at a ve-
locity of approx. 50 m/s, which produces an energy-flux density of 0.05 J/(mmz-ms).
An exposure time of as little as 2 ms (which corresponds to a jet length of 10 cm)
is enough to yield a critical energy density.

4.2.3.3 Gas jets

Gas jets are created by such devices as rocket motors. High energy-flux densities
can occur in the vicinity of such motors, the magnitude depending on the size of
the motor. However, the energy-flux density decreases with the third power of
distance (see Eqns 2.1:84 and 2.1:85), so open wounds can only occur within a
relatively short distance.

The velocity of a gas jet, however, only decreases linearly with distance, so there is a danger of
injury due to the effect of high stagnation pressure and of open wounds at a greater distance. As a
result, the danger zone behind jet engines is determined by stagnation pressure and not by energy-
flux density.

The gas velocity 10 cm behind an anti-tank rocket is approximately 1800 m/s.
Fig. 4-21 shows the pattern of energy-flux density. Open wounds can occur at up

to 40 cm, if the skin is exposed to the jet for 2 to 3 ms (STAUFFER, KNEUBUEHL
1992).
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10 Fig. 4-21. Energy-flux density
S (E’/At) in the gas jet of an unguided
anti-tank missile as a function of dis-
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4.2.3.4 The effects of gas jets in the case of gas and alarm pistols

The literature describes numerous cases in which gas jets from alarm pistols have
caused serious or even fatal injuries. See the comprehensive work by ROTHSCHILD
(1999) for details. The design of the weapon (especially the length of the barrel)
and the mass of propellant are the decisive factors.

The main factor determining the danger presented by a gas or alarm pistol is
the velocity/distance function in the free jet. From the fluid velocity we can de-
termine the energy-flux density, and from that we can determine the relevant pa-
rameter, which is the energy density at the point of impact for a given exposure
time.

The propagation velocity of the gas jet can be determined in a number of ways (KNEUBUEHL
1998):

It is possible to carry out direct measurements using multiple shadowgraphs with very short
exposure times (of the order of 1 us). The velocity can then be calculated directly from the dis-
tance covered between two successive images (indicated using a reference scale) and the time
taken for the jet to cover that distance, which equates to the time between the two images.

The momentum of the gas can be determined using a ballistic pendulum. As the mass of the
gas is known (as it is equal to the mass of the propellant) we can calculate the fluid velocity at the
muzzle directly.

A third option is to measure the pressure in the gas jet at various distances from the muzzle.
Velocity can then be calculated using Bernoulli's equation (Eqn 2.1:61a).

KNEUBUEHL and ROTHSCHILD conducted extensive ballistic studies on various
alarm pistols using all three measuring techniques (KNEUBUEHL 1998, ROTH-
SCHILD 1999). Figs 4-22 and 4-23 show the velocities measured for two revolvers
with different barrel lengths.

The energy-flux density can be calculated from the measured velocities, using
Eqn 2.1:85. The exposure time (which is required in order to calculate energy
density) is obtained from the pressure/distance recordings.

As the pressure and the velocity are related to each other (in accordance with Bernoulli’s equa-
tion), the pressure/time curve also indicates velocity over time and hence energy over time.



4.2 Wound ballistics of handgun bullets 211

) w
£ E
> >
15
10
] -5
o0 WL -10  Side [mm]
40 60 -15
Distance [mm)] Distance [mm]
Fig. 4-22. Velocity as a function of Fig. 4-23. Velocity as a function of
distance in the gas jet produced by a 380 distance in the gas jet produced by a 380
cartridge. Barrel length: 105 mm. cartridge. Barrel length: 140 mm.

Table 4-17 shows energy densities for a number of typical alarm pistol calibres
with different barrel lengths. The data in that table allow us to draw the following
conclusions:

— Long-barrelled weapons produce significantly higher energy densities than
do weapons with short barrels. The difference is more pronounced in the
case of the pistols (8§ mm and 9 mm P.A.) than of the revolvers (380). In the
case of the revolvers, the size of the gap between cylinder and barrel and the
associated loss of pressure play a major role, as does the mass of the gas that
escapes at that point.

— The 380 produces significantly higher energy densities than the 8 mm. This
is readily explained by the much higher mass of propellant that must be used

Table 4-17.  Energy densities of a number of alarm pistols as a function of distance
from the muzzle

Calibre Typeof  Barrel length  Energy density in Joule/mm? at various
weapon distances
[mm)] 0 mm 5 mm 10 mm
8 mm Pistol 57 0.57 0.20 0.09
56 0.46 0.16 0.08
53 0.51 0.18 0.08
125 0.27 0.10 0.05
380 Revolver 90 0.61 0.22 0.10
105 0.75 0.27 0.13
105 0.56 0.21 0.10
140 0.24 0.09 0.04

9mm P.A. Pistol 68 0.50 0.19 0.09
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Fig. 4-24. Channel created by a 380 SP blank
cartridge fired into gelatine with the muzzle
touching. Short barrel. Penetration depth: 5 cm.

in these cartridges to compensate for the losses at the gap between cylinder
and barrel.

— At adistance of 10 mm, the energy densities of these weapons are already at
the threshold for penetrating skin.

In terms of effectiveness, gas and alarm pistols can be divided into two groups on
the basis of the measurements. The short-barrelled weapons produce energy den-
sities of between 0.45 and 0.75 J/mm’ at the muzzle. This is certainly enough to
produce open wounds in unprotected skin and to allow the gas jet to penetrate a
certain distance into the underlying tissue (see Fig. 4-24). Even at a distance of
5 mm from the muzzle, the energy density lies between 0.2 and 0.3 J/mm”.

The long-barrelled weapons (pistols over 120 mm, revolvers over 135 mm)
produce significantly lower energy densities at the muzzle, although 0.25 J/mm?” is
still above the threshold for skin. However, given the uncertainty regarding the
duration of exposure to the gas jet, it is not absolutely certain that serious injury
would occur, even if the muzzle were in contact with the skin.

4.3 Wound ballistics of rifle bullets

4.3.1 Introduction

The barrel of a rifle is between twice and six times as long as that of a handguns.
Furthermore, the volume of a rifle cartridge is significantly greater (see 2.2.2.2) as
is the mass of the propellant. As a result, projectiles fired from rifles (with the ex-
ception of rimfire and airgun ammunition) carry many times the energy of a typi-
cal handgun bullet. Given that rifle and handgun bullets have similar masses, this
extra energy can only come from a higher muzzle velocity (see Eqn 2.1:20), and
indeed, rifle bullets leave the barrel at some 700 to 1000 m/s, whereas typical
handgun muzzle velocities lie between 200 and 500 m/s.

We have seen in 3.2.3.2 and 4.1.3 that the wounding potential (i.e. the effec-
tiveness) of a bullet depends in part on the energy that the bullet is carrying. Rifle
bullets are therefore substantially more effective than handgun bullets. However,



4.3 Wound ballistics of rifle bullets 213

there is no difference of principle between the behaviour of a rifle bullet and that
of a handgun bullet in wound ballistics terms.

There is currently no evidence for the existence of a velocity or energy thresh-
old for conventional designs of handgun or rifle bullets above which different
wound ballistics phenomena would occur. As impact energy increases, the me-
chanical effect on biological tissue increases steadily, as long as the bullet remains
shape stable at the velocities under consideration.

However, there is a velocity threshold at which the behaviour of the bullet changes. Full metal-
jacketed bullets remain shape stable on impacting gelatine or water at velocities of up to 500 or
600 m/s. At higher velocities, they begin to deform and fragment (see Figs 3-30 and 3-31). It is
only possible to recover a bullet undamaged from water if it has struck it at a velocity below this
threshold.

There is no justification for often-used differentiation between “low-velocity” and
“high-velocity” bullet wounds. This distinction is, at best, another form of differ-
entiation between wounds caused by handguns and rifles.

However, rifle bullets do cause certain effects that are almost undetectable in
the case of handgun bullets. Most of these effects are related to the larger amount
of energy transferred. We shall discuss these below.

4.3.2 Remote effects

4.3.2.1 General

By remote effects we mean those effects that are related to the bullet wound but
manifest themselves somewhere other than in the wound channel or the temporary
cavity. The agent of such effects may be mechanical, i.e. the bullet, or biological
(physiological or pathological).

On impact, the bullet causes shock waves, which are transmitted through the
medium. The radial displacement of tissue as the tip of the bullet passes through it
leads to the creation of the temporary cavity, which in turn causes pressure waves
that propagate through the tissue.

It is important to distinguish between shock waves on the one hand and pres-
sure waves (or, more precisely, pressure changes) on the other. They differ in their
propagation velocity and duration, and in the energy they carry. The duration of a
shock wave is measured in microseconds, whereas that of a pressure change is
measured in milliseconds. The shock wave passes right through the body very
shortly after the bullet enters it, whereas the temporary cavity and accompanying
pressure change arise only after the bullet has left the body.

We must also make a careful distinction between primary and secondary bio-
logical effects. By primary effects, we mean those associated directly with the
bullet and its effects, i.e. the wound itself, damage caused when the temporary
cavity is created, the effects of shock waves on tissue, the stimulation of nerves
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and its consequences, the effects of pressure waves on blood vessels, etc. The sec-
ondary effects are the consequences of the primary changes, which occur minutes
or hours later. We know that the wound causes a large number of physiological
changes in the body, blood loss leads to a redistribution of the blood, hormones
are released and pathological changes (secondary lesions) occur in the damaged
tissue. All of these secondary changes are medically relevant and are important for
the understanding of the physiological and pathological processes that occur fol-
lowing trauma (see for instance SCHANTZ 1982). However, these secondary proc-
esses belong not to the domain of physical wound ballistics, but to that of the
medical and biological consequences of bullet wounds. Given the aims of the pre-
sent book, we shall examine the primary effects.

4.3.2.2 Shock waves

Physics of shock waves. A shock wave is a particular kind of sound wave. Sound
waves are longitudinal waves, in which particles of the material concerned oscil-
late about a neutral position. They propagate through the material at a velocity ¢
that is related to temperature.

The propagation speed of small-amplitude waves is known as the speed of sound (see 2.1.4.3). The
speed of sound in gelatine, soap and water at 20 °C lies between 1500 and 1600 m/s (see A.2.1 for
other values).

However, the velocity of sound waves depends not only on temperature but also
on pressure. As pressure increases, so does velocity. In turn, pressure depends on
compressibility, which is low in the case of a fluid. The wave does not move any
material from one place to another, but it can transmit energy.

At small amplitudes the oscillations are harmonic, i.e. the positive half of the
wave (overpressure) is equal in magnitude to the negative half (underpressure) —
the only difference is in the sign. However, if amplitude approaches or exceeds
the pressure at rest, then while the positive pressure can increase indefinitely, the
negative pressure cannot fall below a certain limit. Because the speed of sound
increases with amplitude, this means that the positive half-wave moves faster than
the negative. This results in an increasingly steep wavefront. If the wavefront be-
comes so steep that pressure changes from minimum to maximum virtually in-
stantaneously, the resulting wave is known as a shock wave. A shock wave is
therefore a form of acoustic wave caused by a sudden, single, intensive excitation.
After a certain time, or after the wave has covered a certain distance, loss of en-
ergy or velocity will cause it to become an acoustic wave packet of small ampli-
tude.

The danger of a shock wave (in biological terms) lies in its large pressure gradients, i.e. in the sud-
den changes between positive and negative pressure with relation to pressure at rest.

A shock wave that starts from a point source propagates spherically. Its amplitude
decreases with 1/r%, where r is distance from the source. If the source is linear, the
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wave propagates in the form of a cylinder, and amplitude decreases with 1/r. A
bullet penetrating a medium creates a wave that is neither spherical nor precisely
cylindrical. The exponent of r therefore lies between 1 and 2.

We can calculate the pressure at r by introducing a term 1y, the point of maxi-
mum pressure pPmax (€.2. the surface of the projectile). If the source of the shock
wave is spherical, r can be taken as equal to the radius of the sphere. We therefore
obtain:

(4.3:1) p(r) = pm[rﬁj : [Pa]

with n =1 for a cylindrical wave and n = 2 for a spherical wave.

Unlike a sinusoidal sound wave, with only one frequency, a shock wave is a
unique event of very short duration with an extremely steep front, its amplitude p
decaying approximately exponentially thereafter. Its half-life period t is less than
half a millisecond.

4.3:2) P = Pmax '€ °> T <05ms. [Pa]

After a given period > 0.5 ms, amplitude decays more gradually, with a graph of
the waveform showing a “tail” (Fig. 4-25 a). This tail is of no significance to the
present discussion.
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Fig. 4-25. Shock wave as a
function of time:
a. Timebase 100 ps. The

A N A " shockwave is right at the
\/ V\/\f\f-ﬂ/‘mJ'\/ /Uw\‘\ beginning of the pressure graph.

v " b. Timebase 5 pus. The
shockwave at the beginning is
b clearly visible. It reaches a

y_axi: 32550 i ne .5 s maximum after approx. 0.5 s,
t-axis: 5 pVidiv followed by a negative “tail.”
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A steep wavefront always indicates that a mixture of frequencies is present (Fourier analysis). The
steeper the wavefront, the higher the frequencies making up the mixture. Conversely, the presence
of high frequencies is an indicator of a steep wavefront.

The decisive factor is the steep wave front mentioned above, with amplitude
reaching a maximum in less than a microsecond. This means that pressure rises
from zero to a maximum in less than a millimetre. This distance corresponds to
the dimensions of biological structures (cells), and one could therefore expect
cellular reactions to occur.

One parameter of relevance to the propagation of a shock wave is the charac-
teristic wave impedance Z of the medium. This is defined as:

(4.3:3) Z = p-c, [kg/(m*s)]
where p = density and ¢ = the speed of sound in the medium.

If a shock wave passes through a homogenous medium, its amplitude will de-
crease in accordance with Eqn 4.3:1. If the medium is heterogenous, its amplitude
will also be reduced by reflection at the interfaces. The magnitude of the reflec-
tions depends on the reflection coefficient. This is defined as:
(4.3:4) B = Z 2, [-]
Z + Z,

Negative values for 8 indicate that the wave has been reflected with its phase re-
versed, i.e. positive pressure has become negative and vice versa.

Bone is the tissue type with the highest characteristic wave impedance and
therefore causes reflections with a high amplitude. Lung tissue has the lowest im-
pedance and, because of the air it contains, the greatest damping effect.

Shock waves are used in medicine, to break up kidney stones, in a process known as shock-wave
lithotripsy. The waves are focused on an area some 10 mm in diameter, within which they produce
a pressure of 1000 to 1500 bar followed by an underpressure of around 300 bar. Here also, we can
assume that it is not the overpressure that destroys the kidney stone, but the underpressure that
follows it, creating tensile stress. This is confirmed by slow-motion video.

The interesting aspect from a wound ballistics point of view is the amplitude of a
shock wave propagated through a dense medium by a bullet. Using Eqn 2.1:62
(see 2.1.4.4) the stagnation pressure at the tip of the bullet is given by:

(4.3:5) Pox = C, 2PV, [Pa]

where p = the density of the medium [kg/m’].

For instance, substituting the density of water (1000 kg/m®) for p and 0.3 for the
pressure coefficient C, of the bullet (see Table 4-14), we obtain:

(4.3:6) p... = 150-v* . [Pa]
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If we know the exponent n from Eqn 4.3:1 (1 <n <2), we can calculate pressure
amplitude p(r) at a distance r from the bullet track.

SUNESON et al. (1989) fired a 6 mm steel sphere into water at a velocity of 1200 m/s. At a distance
of 500 mm from the bullet track, they recorded a pressure of 2.12 bar. The stagnation pressure cal-
culated for such a sphere is 2160 bar. From this data, we can calculate the value of the exponent n.
Using Eqn 4.3:1, we obtain a value of approximately 4.

Shock waves in the human body. A shock wave initiated in a homogenous me-
dium, or applied to such a medium, results in a defined waveform with a sharp
(positive) wavefront followed by a negative phase. Its duration is very short — of
the order of microseconds. Because of the inhomogeneity of the body, this simple
wave undergoes significant reflection and scatter at the interfaces. It is trans-
formed into a “burst” of longer duration, with a statistically irregular frequency
and amplitude distribution. If one expands the timebase far enough, one can just
about identify the sharp front of the original shock wave at the start of the burst.

SUNESON et al. (1987, 1989, 1990a—c) carried out extensive studies on shock
waves in the body, with the primary aim of determining whether such waves
cause changes in cells (see 4.3.2.3).

Equipment used: Young pigs weighing 19 and 28.5 kg were used. Pressure transducers were in-
serted into the brain, the abdomen and the muscle of the right thigh. 6 mm steel spheres weighing
0.88 g were fired into the left thigh at an impact velocity of approx. 1500 m/s. The wound channel
measured 11 cm in one test group and just under 8 cm in another. The calculated energy trans-
ferred was 770 J in one case and 630 J in the other.

From the difference in the times at which signals were recorded in the right thigh
and in the brain, and the distance between the two, the speed of sound was calcu-
lated as lying between 1444 and 1450 m/s.

The peak pressure pmax in the right thigh was 8.78 and 8.62 bar, while the dif-
ference between maximum and minimum was 14.0 and 9.74 bar. The bursts were
700 to 900 ps long, the frequency range extended from a few hundred kilohertz to
over 1 MHz and the rise times were around 400 ns. This clearly shows that we are
dealing with shock waves (see Fig.4-25 a, b). The entire (initial) shock wave
complex lasted for only approx. 3.5 us.

After a delay (which corresponded to the transit time), a similar waveform was
recorded in the upper abdomen. In general, the upper frequency limit lay at about
500 kHz — the upper frequencies had decreased, and hence so had the steepness of
the wave front. pma.x was 3.80 bar and the peak-to-peak value was 6.60 bar.

Later still (after approx 300 to 350 us), the wave reached the brain. The maxi-
mum frequency was now only about 200 kHz, the oscillations lasted for 500 to
700 ps, pmax Was 1.46 bar and the peak-to-peak value was 2.68 bar.

To sum up, therefore: the projectile causes a shock wave, which propagates at
approximately the speed of sound (slightly faster at first). As distance from the
point of excitation increases, the amplitude of the wave decreases because of re-
flections and damping and it becomes less steep, as evidenced by the drop in the
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maximum frequency present in the frequency mix. Finally, the shock wave be-
comes a simple mix of acoustic frequencies.

4.3.2.3 Biological/pathological consequences of shock waves

General. This areas has recently become the object of renewed interest, especially
in connection with “non-lethal” weapons. HARVEY et al. carried out studies on tis-
sue damage due to shock waves as early as 1947.

One of the authors’ conclusions was that blood cells in Ringer’s solution that were subjected to a
large shock wave suffered no damage (i.e. no haemolysis). Suspended frog hearts likewise exhib-
ited no changes. The amplitudes of the shock waves lay in the range 50 to 100 bar, measured with
a tourmaline pressure transducer. Overall, the authors maintained that shock waves caused no
damage to tissue, although in view of the manner in which they conducted their experiments it
would be more correct to say that they observed no macroscopic damage. The authors did not con-
duct any histological investigations.

Excitation of nerves by shock waves. It is the change in pressure that can pro-
voke a nervous reaction. A static pressure of over 100 bar does not induce any ex-
citation, nor does it impair the functioning of the nerve, as was demonstrated by
physiologist EBBECKE (Bonn) several decades ago.

As part of a study by WEHNER and SELLIER (1981) on the effects of bullets
striking persons wearing body armour, experiments were also conducted to inves-
tigate the possible excitation of nerves by shock waves.

The experiment is shown in Fig. 4-26. A steel block contains a channel 4 cm in
diameter, filled with 40% Ringer gelatine. The nerve (taken from a bullfrog) lies
perpendicular to the channel and is connected to stimulating and recording elec-
trodes outside the block. The right-hand side of the channel is closed off by a
pressure transducer with a high natural frequency (Kistler 603 B), while the left-
hand side is sealed by a metallic membrane. When a projectile strikes the mem-
brane, it produces an almost plane shock wave, which passes via the nerve as it
moves towards the right-hand end of the channel. The amplitude of this wave is
then measured by the pressure transducer. It is possible to vary the amplitude of
the shock wave by altering the impact energy of the sphere.

Fig. 4-27 shows a typical recording. To test the apparatus, the nerve is first
stimulated using a 4 V square-wave pulse (Curve b). The nerve reacts by produc-
ing an electrical signal that moves along the nerve and can be detected at the re-
cording electrode (Curve a). This is the compound action potential. A shock wave

Recording
electrode

ieh i G

P
Gelatine :

Pressure

acd transducer
Stimulating Fig. 4-26. Experiment to detect
electrode stimulation of a nerve by a shock

Nerve wave.
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a Fig. 4-27. Results of exciting a
nerve using a shock wave:
10 mV A a. The reaction of the nerve to

mechanical stimulus (left) and

electrical stimulus (right) takes

] the same form.

b. Square-wave impulse used to

b excite the nerve. The time axes
of a and b are identical, and
share a common zero.

c. Results of mechanical stimula-
tion. The y-axis shows the

0 magnitude of the reaction of

[ the nerve to stimulus (in mV).
5ms E.g. 4.8 bar produces

c approx. 10 mV.
4.8 bar

is then produced which also induces an electrical stimulus in the nerve, as shown
in Curve b. The nerve reacts in the same manner to electrical stimulus as to me-
chanical.

Below about 0.75 bar, the nerve used for the experiment did not produce a
compound action potential. As one would expect, the amplitude of the compound
action potential increased with the amplitude of the shock wave (see Fig. 4-26).
Saturation was reached at about 5 bar. Higher pressures led to no increase in com-
pound action potential.

These experiments show that a shock wave of sufficient amplitude can excite a
nerve. In other words, the nerve reacts to the wave as if it had undergone physio-
logical stimulation. The effector organ on which the nerve acts is therefore inca-
pable of distinguishing between an endogenous and an exogenous electrical nerve
impulse, i.e. one from within the body or from outside.

The eye is a good example of the effect of mechanically stimulating a nerve. A sharp blow to the
eye causes the victim to “see stars” because of the stimulation undergone by the cells in the retina,
which in principle are sensitive to light.

The purpose of these experiments was to determine whether a shock wave could
cause death by shock. “Death by shock™ does not have a clear medical definition.
The term is used in a number of different senses. Here we shall define “death by
shock” (if indeed it exists) as follows: death following a non-life-threatening mi-
nor injury that did not cause significant bleeding, from which it may be concluded
that the victim suffered sudden cardiac arrest shortly after the injury occurred.
Theoretically such an effect is possible, in terms of the mechanism by which heart
and circulation are controlled.
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The mechanism is as follows: At the point where the carotid arteries divide (i.e. where the Arteriae
carotis communis splits into the A.carotis interna and externa) there is a pressure transducer, the
carotid sinus, which takes the form of a plexus (the Glomus caroticum). This measures the blood
pressure in this vessel and passes the result to a control system that adjusts the pressure. An in-
crease in blood pressure leads, via a branch of the vagus nerve, to a drop in heart rate and vice
versa. A large pulse applied to the pressure transducer or the nerve that leads from it causes the
nerve to transmit an electrical signal to the heart. The result is a false “Pressure Increasing” mes-
sage, which leads to a reduction in heart rate (this is known as the carotid sinus reflex). If the im-
pulse were powerful enough this could, in theory, lead to cardiac arrest.

The carotid sinus syndrome is a known phenomenon in internal medicine and neurology. Pres-
sure on the corresponding point in the neck causes a temporary drop in blood pressure, leading to
dizziness (due to a shortage of blood in the brain) and pallor.

One argument against such an attempt to explain death by shock in this manner is
that when the bullet passes through the body the shock wave will stimulate not
only the vagus nerve (the parasympathetic nervous system) but also the sympa-
thetic nervous system, if the amplitude of the wave is sufficiently great, and the
effects of the two would cancel each other out. It could of course be that at a cer-
tain, low amplitude (higher than the threshold at which the nerve is excited) the
two systems could be stimulated to different degrees, as propagation of the shock
wave is damped proportionally to 1/r and undergoes reflection from inhomogene-
ous structures. At present, this is still a theory. No experimental confirmation ex-
ists. The problem should be borne in mind, however.

In one case dealt with by the Institute of Forensic Medicine of the University of Berne (WYLER et
al., unpublished) it appeared that an instance of “death by shock” had been discovered. An elderly
woman was hit in the soft parts of the neck by a shotgun blast at close range. She clearly died in-
stantly, although the shot had failed to damage large blood vessels or to perforate the cranial cavity
or vertebral canal. On the other hand, the brain did show evidence of “coup contrecoup.”

Ballistic reconstruction involving shooting tests showed that when pellets of this nature pass
through the neck in a very short time (approx. 0.2 ms) the amount of energy transferred to the neck
is very large, corresponding to a fall from a height of 1.7 m, but with the energy transferred 50
times as fast. The shotgun pellets striking the soft parts of the neck applied kinetic energy eccentri-
cally, and the resulting rotational acceleration of the brain caused instantaneous death.

A further theoretically possible manner in which death by shock could result from
shooting — stimulation of the pressure receptors in the carotid arteries — will be
discussed in 4.3.2.4. See also “Changes in EEG as a result of shock waves” later
in this section.

Cell damage caused by shock waves, and histological changes to tissue. As we
have already seen, the amplitude of the shock wave rises from zero to a maximum
over a very short distance, causing a large pressure gradient, and this distance cor-
responds approximately to the size of a cell, i.e. about 10 pm. One would there-
fore suspect that such a gradient might cause damage to cells. A number of au-
thors have mentioned this possibility (e.g. BERLIN et al. 1979 and SELLIER 1983).
What is certain is that it is not the pressure itself that causes damage, but rather
the rapid increase in pressure or the rapid drop in pressure that follows it, as a bio-
logical structure can only be damaged by shear or stretching, not by compression.
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Logically, the degree of cell damage will depend on the amplitude of the shock
wave. In other words, a shock wave with a small amplitude will cause only
reversible interference to the functioning of the cell, whereas a large amplitude
will also destroy cells, depriving the organism of the corresponding function.
Furthermore, there will probably be a threshold below which there is no visible
reaction on the part of the cell. This would be analogous to the threshold below
which a shock wave fails to stimulate a nerve.

SUNESON et al. (1987, 1989, 1990a—c) measured the pressure in the thigh, ab-
domen and brain of a pig when a projectile was fired into its left thigh (see
4.3.2.3). These experiments also involved histological studies aimed at identifying
any modifications or damage to cells caused by shock waves. We shall discuss
these below. Inevitably, our discussion will involve a number of medical terms.
For those unfamiliar with medical topics, the essential finding was as follows: de-
pending on the intensity (i.e. the amplitude) of a shock wave, it caused either re-
versible interference to the functioning of a cell or irreversible changes to that
cell. However, no massive cell destruction was observed at the shock wave am-
plitudes produced in these experiments (of the order of 1 to 10 bar).

Results: Macroscopic examination revealed scattered petechial (minuscule,
punctiform) bleeding on the left n. ischiadicus, but no visible destruction of tissue.
This effect could be the result of the temporary cavity, with the projectile having
missed the nerve itself. The right n. ischiadicus and n. phrenicus were unaffected.

Examination under an optical microscope revealed the myelin sheaths of the
above-mentioned nerves to be undamaged, with no sign of deformation or shear.
The axons, however, displayed varying degrees of deformation of the myelin
sheaths, myelin invagination and, in some cases, voids between the axolemma and
the myelin. The frequency and extent of the changes were more marked in the
case of the animals killed 48 hours after the experiment and those examined im-
mediately after. One must therefore assume that these were not direct, primary
results of the shock wave but rather secondary effects. However, we still need to
identify the primary mechanism by which damage is caused.

If the blood-brain and blood-nerve barriers become permeable, this is a clear
sign of cell damage.

It is possible to test for this by injecting a dye, such as Evans Blue. Only if the barrier has become
permeable will the organs (in this case the brain or the nerves) take on the colour. The dye is in-
jected intravenously 10 minutes before the shot is fired.

The left N. ischiadicus was strongly coloured, which was to be expected in view
of the other indications of significant damage (petechial bleeding, etc.). The N.
ischiadicus on the other side showed slight coloration, visible to a varying degree.
As we have seen above (in 4.3.2.2), the largest shock wave amplitudes were re-
corded in the right hind leg, through which the N. ischiadicus passes, as this is the
closest point to the wound channel, apart from the left hind leg. No coloration was
observed in the brain or in the left or right N. phrenicus.
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SUNESON et al. also studied the reaction of cell cultures to shock waves. This
technique was at that time unknown in the field of wound ballistics, although it
had been applied to pharmaceutical research. It has two advantages over experi-
ments involving animals: not only is it considerably less expensive, but more im-
portantly it uses no animals, which is highly satisfactory from an ethical point of
view.

The apparatus used by SUNESON et al. was as follows: A reinforced rubber pipe 100 cm long, with
an internal diameter of 15 cm and walls 0.3 cm thick was set up vertically. It was sealed at the
bottom by a convex acrylic glass disc placed with the convex side inwards, so as to scatter the
shock wave. Two openings approximately 5 cm in diameter were made in the walls of the tube
about 20 cm from the upper end. These openings were situated diametrically opposite each other
and were sealed by thin plastic membranes. The tubes were filled with bubble-free water at a tem-
perature of 37°C.

6 mm steel spheres weighing 0.88 g were fired through the two plastic membranes at a velocity
of approx. 1,200 m/s. The calculated energy transferred to the water was approximately 500 J.

The plate with the cell cultures was placed 50 cm below the planned track of the projectile.
This distance was selected because it corresponded to the distance between the left hind leg and
the brain in the animals used; the idea was to achieve the same mixture of frequencies. A pressure
transducer was installed under the plate and its cable routed through the acrylic glass disc.

The cell cultures consisted of dorsal root ganglions from 17-day-old rat embryos. The plate
was enclosed in a surgical glove containing cell culture medium at a temperature of 37°C. This
enclosure allowed the shock wave to pass with virtually no reflection.

The maximum shock wave amplitude at the cell culture was approx. 2.1 bar. The
frequencies in the wave ranged from 0 Hz to 250 kHz.

Results: Immediately after the shot, examination with an optical microscope
revealed no pathological changes in the cells. However, a number of the larger
neurones showed more intensive coloration than did those of the controls. After
six hours, most of the neurones displayed signs of damage: their cores had shrunk
and some had become pyknotic, they also displayed vacuoles and irregularities in
the structure of the cytoplasm. The Schwann cells and fibroblasts showed similar
changes after six hours, albeit to a lesser degree.

The Evans Blue colour test mentioned above was negative immediately after
the shot was fired, with rare exceptions. This corresponds with the results for the
controls. After six hours, virtually all the neurones were coloured, indicating seri-
ous functional failure of the cell membranes.

Interestingly, extensive cell damage was noted at impact velocities of
approx. 1,500 m/s (i.e. 1.25 times the velocity used, producing waves with an am-
plitude 1.5 times larger). Some of the cells had become mechanically separated
from their support.

The authors also measured the oxygen consumption of the (living) cells before
and after the shock wave. Oxygen consumption is a good indicator of whether the
cells are functioning correctly. Under the above-mentioned experimental condi-
tions and ballistic values (velocity, energy transfer and shock wave amplitude),
oxygen consumption fell to 20% of the previous level after the shot was fired.
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It is clear that the shock waves damaged the cells. What is not clear is the
mechanism by which this happened. Immediately after being subjected to shock
waves, the cells show no change. Change only becomes apparent later. The dam-
age is therefore not caused directly by the wave, but by some (non-specific) reac-
tion by the cell to a cause of which we are currently ignorant.

The question as to which physical characteristic of the shock wave is capable of damaging the cell
remains to be answered. The candidates are: the rise in pressure, the pressure gradient (from
maximum positive amplitude to minimum negative) or just the negative pressure. We discussed
this point to some extent in the previous section, “Excitation of nerves by shock waves.” From that
discussion it is clear that the only possible causes are the pressure gradient (which effectively
means shearing of the cells) or the negative pressure alone.

Changes to the EEG as a result of shock waves. The experiments conducted by
SUNESON et al. (see 4.3.2.2) showed that even when a projectile was fired into the
hind leg of a pig, pressure changes of approx. 1.5 bar occurred in the brain. Waves
of this nature could have physiological or psychological effects. In the case of
non-fatal hits, they could even cause incapacitation or other mental effects.

GORANSSON et al. (1988) studied this problem, observing the changes in the
EEG of a pig (m = 25 kg) when a shot was fired into the hind leg. Obviously,
these studies address only one aspect of the problem.

They found that the amplitude of the EEG curve dropped to 50% of normal for
about 30 s after the shot. In three out of nine pigs, however, no such effect was
observed. None of the animals underwent a change in blood pressure or ECG
during the period in which the EEG was observed, but six of the nine animals
stopped breathing for up to 45 s. Control experiments confirmed that sound waves
or concussion from the shot had no influence on the EEG.

4.3.2.4 Pressure changes in blood vessels

In 3.2.3.1, we say that the creation and collapse of the temporary cavity causes
changes in the pressure acting radially about the wound channel. We also saw that
this process, which requires a certain amount of space, presses and stretches the
surrounding tissue, with these effects becoming less marked as distance from the
wound channel increases. It is therefore clear that the blood vessels and nerves
running along the tissue subjected to these loads will also be compressed and
stretched. A pressure wave is created in the blood vessel where the pressure is ap-
plied, and is propagated in the blood vessel in accordance with the laws of
haemodynamics. As a result, pressure changes occur in blood vessels at points
remote from the temporary cavity.

One point should be borne in mind: in terms of physical behaviour, the pres-
sure change resulting from the sudden compression of the blood vessels can be
seen as virtually equivalent to a pulse wave. The velocity v, of the pulse wave is
approximately 4 m/s in the aorta of a young person. In peripheral vessels, v, is
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approximately 7 to 12 m/s. Velocity v, increases with age. This indicates that v, is
related to the elasticity of the blood vessels and their radius. In general:
Y- -h

(437) Vp = ﬁ , [m/S]
¢

where Y is the Young's modulus of the wall material [N/mm?], p; the density of the fluid (blood, in
this instance) and r the radius of the blood vessel.

As the Young's modulus increases (i.e. the elasticity and radius of the blood vessel
decrease), pulse velocity v, increases. This should not be confused with the mean
flow velocity v¢ of the blood. When blood pressure is at a maximum, vy in the
aorta is approximately 0.6 m/s, which is substantially slower than v,,. The ampli-
tude of the pulse wave undergoes exponential damping. After a distance x, the
amplitude Ao has decreased to:

(4.3:8) A = Aj-e [N/m?]

where k ~ 1.

As part of a study on the magnitude of the traumatic effects on persons wearing
body armour, SELLIER and WEHNER (unpublished) measured the pressure in the
aortas of cadavers when bullets strike the outside surface of body armour and de-
form the chest wall without penetrating. They measured pressures in the aorta of
between 0.1 bar (22 L.R.) and 0.5 bar (45 Auto). See Fig. 4-28. In comparing
these values, one should bear in mind that the lungs, being filled with air, prevent
the amplitude from rising further.

4.3.2.5 The effects of pressure pulses on blood vessels

Blood vessels can be damaged in either of two ways. They can suffer internal
damage through excessive stretching (tearing of the intima or damage to the mus-
cles of the blood vessels) without any direct blood loss occurring (this damage can
be demonstrated histologically, see RICH 1968b, RICH et al. 1967 and AMATO et

Fig. 4-28. Pressure in the aorta
following after a bullet strikes a chest
protected by body armour. Bullet: 45
Auto. Oscillations at the start of the curve
due to the impact. Pressure amplitude.
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al. 1970, 1971). The blood vessel can also tear, allowing blood to escape. This oc-
curs when the vessel is subject to a sufficiently high load suddenly, in the area to
the side of the temporary cavity.

The forces acting on the blood vessel depend both on the distance from the
geometrical wound channel and on the maximum volume of the temporary cavity.
In turn, this volume is linked directly to the energy E,,' transferred from the
projectile to the tissue in the area of the shortest distance from the blood vessel.

To obtain an idea of the amount of energy that must be transferred in order to
tear a blood vessel, KNEUBUEHL conducted experiments using simulated blood
vessels (see 3.3.6).

The plastic tubes were embedded in gelatine at various depths and various types and calibres of
bullet were fired into the gelatine in such a way as to pass by the “blood vessels” without touching
them. Using this approach, it was possible to generate energy transfer levels of between 30 and
200 J/cm adjacent to the blood vessel.

Fig. 4-29 presents the results. At effectiveness levels of less than about 100 J/cm,
the blood vessels were only destroyed by direct contact with the bullet. As the
distance between the bullet track and the blood vessel increased, there was a clear
increase in the effectiveness E,,' required in order to tear the blood vessel.
Fig. 4-29 shows the approximate threshold (dashed line).

4.3.2.6 Bone fractures at locations remote from the wound channel

If a bullet hits a bone directly and its velocity/energy is sufficiently high, the bone
will break. We have discussed the quantitative aspects of this in 4.2.

But even if the bullet does not touch the bone a fracture may occur if it passes
close by. This is due to the impact on the bone of muscle displaced by the change
in pressure that is induced by the temporary cavity. Such fractures occur if the
impacting mass bends the bone so far that the maximum permissible tensile stress
for bone og (approx. 90 N/mm?) is exceeded on the opposite side of the bone to
that on which the force is applied. For this movement to occur, the stress must act
on the bone for a sufficient length of time.

250
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w g o . ;_‘__‘ e a result of the pressure pulse generated
% 100 ===T by a temporary cavity as a bullet passes
2 b i e 4 a s to one side of a blood vessel.
uég 50 e Blood vessel torn
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It has been suggested that shock waves (as described in 4.3.2.2) can cause
fractures. However, one can readily show that the duration of a shock wave (a few
microseconds) and the energy it carries would not suffice to bend a bone past the
maximum permissible stress limit. SELLIER carried out calculations on this:

“If one considers the measured or calculated amplitude of the shock wave acting on the bone, to-
gether with the energy density that the shock wave can produce, there is room for considerable doubt
as to whether a shock wave is capable of breaking a bone”. (SELLIER and KNEUBUEHL 2001)

During experiments intended to demonstrate bone fractures due to shock waves, it
is extremely difficult to separate the shock wave from the pressure pulse
chronologically.

4.3.3 Wound ballistic characteristics of rifle bullets

4.3.3.1 Bullets designed for military use

In recent years, larger calibres have come into use for military rifles and machine
guns, in addition to the existing calibres (5.5 mm to 8 mm). These are particularly
popular for use with long-range sniper rifles. Common calibres include the 338
Lapua Magnum (8.4 mm) and the 12.7 X 99 (50 Browning). Full metal-jacketed
bullets in these calibres behave in basically the same manner as smaller-calibre
bullets, both in soft media and on impact with bone (see 3.2.2).

Two differences are of relevance, however. The first is the significantly higher
muzzle energy (of between approx. 6,800 and 16,000 J), which ensures that such
bullets achieve a high degree of effectiveness, despite their higher sectional den-
sities (see Eqn 3.2:18).

For cartridges and bullets of similar geometry, sectional density increases linearly with calibre.
Muzzle energy, however, increases in proportion to the cube of the calibre (on account of the in-
crease in volume of the cartridge case).

The second is that these larger bullets have higher moments of inertia, which de-

lays the onset of yaw. They therefore produce a longer narrow channel (see
Figs 4-30 and 4-31).

The Nammo (Raufoss) 12.7 x 99 Multipurpose bullet is the subject of contro-
versy, in terms both of wound ballistics and of international law. This projectile

Fig. 4-30. Channel of a 338
Lapua Mag. full metal-jacketed
hard-core bullet in soap.
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Fig. 4-31. Channel of a
12.7 x 99 full metal-jacketed
bullet in soap.

was developed for use against hard targets. In addition to a tungsten alloy core, it
includes an incendiary compound and explosive (see Fig. 4-32). The latter is trig-
gered on impact, exclusively by the friction and heat resulting from deformation.

As it is also possible to fire this bullet from sniper rifles, one must expect per-
sons to be hit, and it is perfectly possible for the explosive to detonate when this
happens (MOOSBERG 2003). In such a case, the bullet would possess an excep-
tionally high wounding potential, bringing it into conflict with international law
(specifically, the St Petersburg Declaration; see 7.3.2.2).

However, bullets exist that contravene international law, but of which the ef-
fectiveness corresponds to that of accepted full metal-jacketed bullets. For ballis-
tics reasons, precision bullets are crimped shut at the
tip, rather than the base. This leaves a small hollow in

Incendiary the tip (see Fig.4-33 a), which is contrary to the
Lo Hague Convention of 1899. However, the diameter of
High the hollow is generally so small that no pressure can
explosive be built up on the lead core that would cause the

bullet to mushroom. There is no visible difference

between the wound channel of such a bullet and that
Hard metal of a full metal-jacketed bullet (see Fig. 4-33 b). How-
perigitalon ever, smaller-calibre (e.g. 5.56 mm) versions of the
same type of bullet are capable of deforming and of
creating wound channels similar to those of similar
hunting bullets. The only way to be certain as to how
a bullet will behave is to conduct experiments.

Fig. 4-32. Structure of the
“multipurpose” bullet (from

Wikipedia). Tracer bullets are widely used by the armed
forces. The pyrotechnic charge in the base of the

= S O B e

Fig. 4-33. a. Left: Tip of a Sierra Matchking 308 Winchester bullet (7.62 mm NATO). b. Right:
Channel created in soap.
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Fig. 4-34. High speed video recording of a
5.56 x 45 tracer bullet in gelatine.

Picture 1: 3.75 ms after impact. Pre-ignition
phase. Picture 2: 7.5 ms later. The tracer is
burning, the temporary cavity is in the final
phase of collapse. Picture 3: 65 ms later, the
tracer is fully ignited. Total duration of
burning: 0.62 s (frame rate: 2000 {/s).

bullet burns for approx. 1 s and indicates the trajectory and point of impact to the
firer. It is of relevance to wound ballistics that the charge can burn with no
external source of oxygen and therefore carries on burning until the charge is
exhausted even if it comes to rest in the body (see Fig. 4-34). If this occurs, severe
burns are to be expected in the vicinity of the bullet.

4.3.3.2 Hunting bullets

The requirements for a hunting bullet are just as contradictory as those for a hand-
gun bullet (see 4.2.2.1). On the one hand, as much energy as possible should be
transferred to the animal so that it dies as quickly and painlessly as possible. On
the other hand, the bullet should be capable of causing an exit wound so that the
animal loses enough blood to enable the hunter to track it if it escapes.

The design principle applied in order to meet these two contradictory require-
ments has remained the same since the beginning of the 20th Century: a tip that
deforms slightly (or fragments) and a compact, relatively heavy rear part, which
ensures that an exit wound is created. A large number of designs have been pro-
duced along these lines, all of which are similar from a wound ballistics point of
view. Depending on the design of the bullet, energy transfer increases for the first
3 to 10 cm of the wound channel (the deformation or fragmentation phase), de-
creasing (very approximately exponentially) thereafter, as sectional density re-
mains the same from this point on. Maximum effectiveness is determined by the
energy available and by the increase in cross-section. Fig. 4-35 shows channels in
soap for four different bullet designs, a, b and d deliver an impact energy of
approx. 3300 J, while c delivers approx. 3500 J. As with handgun bullets, it is ap-
parent that the bullet made of copper alloy (d) deforms substantially faster than
those of conventional jacket/core design. The laws of physics dictate that greater
penetration depth can be achieved only at the expense of reduced energy transfer.

As we saw in 3.2.4.2 in our discussion concerning full metal-jacket and hand-
gun bullets, the deformation of a bullet depends to a high degree on its impact
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Fig. 4-35.  Channels created

by various hunting bullets:

a. 308 Win. RWS cone-point
bullet.

b. 7 x 64 Brenneke TIG

¢. 30-06 Brenneke TOG,

d. 308 Win. Brenneke TAG.

velocity/energy. As far as hunting bullets are concerned, we can take the RWS
cone-point bullet as an example. In the vicinity of the muzzle (at approx. 830 m/s)
this bullet produces the channel shown in Fig.4-35a. At a lower velocity
(100 m/s lower, at a range of 100 m), the bullet penetrates slightly further, creat-
ing a cavity with a smaller diameter (Fig. 4-36 a). At approx. 645 m/s (at a range
of 200 m), deformation is already delayed substantially, and after the bullet has
penetrated to a depth of approx. 20 cm, the channel expands for a second time,
probably because the orientation of the now-deformed bullet has changed (see
Fig. 4-36 b). At an impact velocity of 603 m/s (at a range of 250 m), the bullet no
longer deforms at all, creating a channel like that of a very stable full metal-jack-
eted bullet (see Fig. 4-36 ¢ and cf. Figs 3-28, 3-29 and 3-30). The effect of veloc-
ity on deformation must be taken into account in a hunting context.

4.3.3.3 Shot and slugs

Shotguns — weapons with smooth, unrifled barrels — are in principle designed to
fire cartridges containing shot (see 2.2.2.2). These cartridges contain lead or soft
iron pellets, all of the same diameter, their number depending on the capacity of
the cartridge case. Pellets are available in sizes ranging from 1 mm to 9 mm. Ty-
pical diameters lie between 2 mm and 4 mm.



230 4 Wound ballistics of bullets and fragments

Fig. 4-36. Relationship between
channel and impact speed, taking
the RWS cone-point bullet as an
example:

a.v =729 m/s, d = approx. 100 m
b. v =644 m/s, d = approx. 200 m
c. v=0603 m/s, d = approx. 250 m.

Shot.' From a wound ballistics point of view, an individual pellet can be treated
as if it were a preformed spherical fragment (see 3.2.2.3). The diameter of the
wound channel decreases exponentially and the greatest damage potential is im-
mediately after entry. Penetration depth depends on impact velocity and sectional
density, and hence on pellet diameter. This parameter can be estimated to a good
degree of accuracy (see 4.4.2.4).

At very short ranges (less than about 5 m) the shot sheaf is still quite compact
and can cause a large entry wound, surrounded by wounds caused by individual
pellets (see Fig. 4-37). The diameter of the scatter can be used to estimate the
range. In doing so, however, one must take care to use the same ammunition and
barrel type (cylindrical or choke), as these factors affect scatter considerably (see
Fig. 4-38).

Fig. 4-37. Shotgun wound to the chest under
the left armpit, close range.

'Y For a comprehensive discussion of shotgun wounds, see Gunshot Wounds (V. J. M. DI MAIO,
1999). See bibliography.
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Fig. 4-38. Distribution of
2.41 mm shotgun pellets at
2 short ranges:
e e Left: Cylindrical barrel.
oy ol Right: Full choke.
D A Y ,“ The squares measure 25 cm
it g by 25 cm.

zyl,25m Choke, 2.5 m

o, 45m Choke, 4.5m

Shotgun slugs. The s/ug was developed in order to give a hunter armed with a
shotgun the advantages of a single, heavy projectile. For reasons of interior ballis-
tics, the mass of a slug must be similar to that of a shot load or less. This, together
with the large calibre of a shotgun barrel, means that a slug has a relatively small
sectional density.

The sectional density of a 12/70 Brenneke slug (31.5 g) is only 0.121 g/mm?, which is less than
that of a 9 mm Luger bullet (0.125 g/mm?).

The combination of high muzzle energy (2750 J in the case of a 12/70) and low
sectional density give shotgun slugs a high degree of effectiveness. These projec-
tiles (which are generally blunt) generally fly stable in a dense medium due to
shoulder stabilization, giving a straight, tapered wound channel similar to that of a
fast, heavy fragment (see Fig. 4-39). Other slugs, such as the Balle Blondeau, give
very similar results.

Fig. 4-39. Channel of a 12/70 Brenneke slug in soap. Diameter of entry
wound: approx. 10 cm. Total penetration: 68 cm.
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4.4 Wound ballistics of fragments

441 General

4.4.1.1 Frequency of fragment wounds

Fragments are still the most common cause of wounds in armed combat. At one
time, they were virtually unknown in the field of forensics. Today, however,
fragment wounds are becoming increasingly frequent in the civilian sphere as a
result of attacks or accidents involving bombs and hand grenades.

As a result of developments in weapon technology and military tactics, the
relative percentages of bullet and fragment wounds have changed over time. In
the 19th Century, bullet wounds were more common, as the only sources of frag-
ments were grenades filled with black powder, and the risk of being hit by frag-
ments from one of these was not particularly high. This began to change in the
First World War, with the percentage of fragment wounds reaching a peak of 90%
in the Korean War.

It was the high risk of fragment injuries that led to the invention of the flak jacket during that war.

In the 1960s (during conflicts such as Borneo and Vietnam), bullets once again
accounted for the majority of injuries. This may be related to the nature of jungle
warfare. The latest data from the International Committee of the Red Cross
(ICRC) indicate that fragments are once again by far the most common cause of
injuries.

One should always examine wound statistics critically, as they are often subject to unintentional,
systematic forms of error. The figures generally reflect the numbers of casualties treated rather
than the numbers of soldiers injured. Because fragment wounds are much less likely to be lethal

than are bullet wounds, one can not draw conclusions regarding percentages of bullet and fragment
wounds from the numbers of cases treated.

GANZONI (1975) includes an excellent overview of the percentages of wounds ac-
counted for by different causes in armed combat over a period of 100 years (see
Table 4-18).

4.4.1.2 Wounds caused by fragments and similar projectiles

Fragment wounds have a clear pattern (see 3.2.2.3). The most striking character-
istic is that the wound is largest at the point of entry, becoming progressively
smaller as the projectile penetrates the body.

This is because fragments are often roughly spherical in form, in that all points
of the surface are at about the same distance from the centre of gravity. Fragments
adopt a position perpendicular to their direction of travel very rapidly after
impact, as they have no stabilizing mechanism, and pass through tissue oscillating
about this position.
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Table 4-18.  Percentages of wounds caused by bullets and fragments in conventional warfare
(from GANZONI 1975)

Bullets Fragments Source

Austro-Prussian War, 1866 Prussians 79 16 BERNDT (1897)

Austrians 90 3 BERNDT (1897)
Franco-German War, 1870-1871  Germans 70 25 BERNDT (1897)

French 94 5 BERNDT (1897)
First World War (British) 39 61 MATHESON (1968)
Second World War (British) 10 85 MATHESON (1968)
Korea 1950-1951 (USA) 7 92 MATHESON (1968)
Borneo 1963 1965 (British) 90 ? MATHESON (1968)
Vietnam 1965-1966 (USA) 52 44 MATHESON (1968)
Vietnam 1967 (USA) 49 50 RICH (1967)
Vietnam 1971 (USA) 40 ? BYERLY (1971)

The difference between the total and 100% is accounted for by other wounding mechanisms.

Sectional density remains approximately constant, whether the projectile is
spherical or elongated. This means that the retardation constant of Eqn 3.1:1 can
also be assumed as constant. That being so, the energy of the projectile decreases
exponentially, causing the volume of the temporary cavity to do likewise.

There are special cases of stabilized fragments. A spin-stabilized shell, especially in the range of
20 to 40 mm, may release its base on detonation in the form of a single fragment subject to the full
rotation of the shell. This fragment may fly like a discus for some considerable distance, often in
the opposite direction to the direction of travel. If such a fragment enters the body, it causes an
entry wound in the shape of a slit and maintains its pre-impact orientation.

Handgun and rifle bullets that have been caused to tumble by striking an object
behave in a manner very similar to that of a heavy fragment when they strike the
body. They turn perpendicular to their direction of travel immediately on penetra-
tion and move through the body in that position, with sectional density remaining
virtually constant. Ricochets therefore cause injuries very similar to those of
heavy, high-energy fragments.

This also applies to deforming bullets and fragmentation bullets that are unable to deform on im-
pact because of the large angle of incidence and likewise adopt a position perpendicular to their
direction of travel. There is no difference between their behaviour and that of a full metal-jacketed
bullet that has ricocheted.

If a deforming bullet undergoes deformation as a result of passing through a body
and then enters a second body, it will behave like a fragment and cause the corre-
sponding type of wound channel, assuming it still has sufficient energy.
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4.4.2 Equations of motion and energy for fragments

4.4.2.1 Hypotheses

For the purposes of this discussion, we shall use the following hypotheses and as-
sumptions, which are based on empirical experience:

1. Fragments (and projectiles in general) behave in the human body as they do
in the simulants described in 3.3.

2. The damage potential of a projectile at a given position corresponds to the
energy transferred at that position.

3. The energy transferred at a position x is proportional to the energy of the
projectile at that position:

(4.4:1) dE = -R-E®X). [J/m]
dx

4. The volume created in a glycerine soap is symmetrical about its longitudinal
axis and is proportional to the energy transferred:

(4.4:2) dV(x) = —é-dE(x). [m’]

By integration we obtain the following equation for the total volume from
the entry wound to a position x:

(4.4:3) V(x) = é[E - E()], [m’]

where E, is the impact energy and E(x) the energy remaining at position x.

R is the retardation coefficient [1/m]) and 3 is a material constant of the simulant
[J/em?].

4.4.2.2 The geometrical form of the wound channel

From Eqns 4.4:1 and 4.4:3 we obtain an inhomogeneous differential equation with
the following solution as our means of determining the volume:

(4.4:4) V(x) = éE(I — e ). [m’]

As long as the wound channel is symmetrical about its longitudinal axis, we ob-
tain the following equation for the total volume from the entry wound to a posi-
tion x:

(4.4:5) V(x) = [d@)] -de . [m’]

n
4

O Sy %
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Equating Eqns 4.4:4 and 4.4:5 and differentiating, we obtain the following expres-
sion for the diameter d of the wound channel:
) LR.x
R E, e 7 Rx
B-m
This is hence an exponential function with negative exponents, which corresponds
to the results of experiments (the form of the channel in soap). See Fig. 3-15.

(4.4:6) dx) = 2-

[m]

4.4.2.3 Equation of energy and motion

From Eqn 4.4:1, we obtain the following value for the energy remaining after the
projectile has penetrated to a depth x:

(4.4:7) BE(x) = E, -e ", ]

a

and hence for velocity we can write:

~Logox

(4.4:8) v(x) = v, e . [m/s]

Differentiating this function and equating with a fluid dynamics approach to flow

resistance yields the following:

(4.4:9) OO L gy e —cD.%-v(x).l. [s7]
q

=
®

dx

Where Cp is a dimensionless drag coefficient, p is the mean density of the medium and q the sec-
tional density of the projectile.

From Equations 4.4:8 and 4.4:9 we obtain the following equation for the retarda-
tion coefficient ‘R:

(4.4:10) R = P [m™]

4.4.2.4 Entry wound diameter and penetration depth

If we take x = 0 in Eqn 4.4:6, we obtain an equation for the diameter of the entry
wound, which can be presented as follows with the aid of Eqn 4.4:10:

. / b P
(4.4:11) B \F \F [m]

This equation also defines the proportionality number A, [s/m].

The diameter of the entry wound, which is correlated with the size of the surface
wound, is therefore proportional to the square root of the impact energy and the
reciprocal of the sectional density.
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The model of an exponential decrease in energy obviously requires an unlim-
ited penetration depth on the part of the fragment. To bring the model into con-
formity with the real-life situation, a residual energy Eqx is included, which in
physical terms can be interpreted as the heat energy released at the moment the
fragment comes to rest. If / is the penetration depth of the fragment, and taking
account of Eqn 4.4:8:

(4.4:12) E, = EB(/) = E,-e™". [J]
Using Eqn 4.4:10, the penetration depth is given by:
Ea

q q E,
(4.4:13) { = ——-log = —-log . [m]
Ch-p E A, E

This equation also defines the proportionality number A,.

Penetration depth is therefore proportional to the sectional density and to the loga-
rithm of the impact energy.

From Equations 4.4:11 and 4.4:12 we obtain the following equation for the re-
lationship between A, and A;:

(4.4:14) A, = %B 2 [ke/m’]

4.4.3 Experimental verification of the models

4.4.3.1 Method

From